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ABSTRACT 
 The electrochemical behaviors the Zr50Cu40Al10, Zr50Cu33Al10Pd7, and 
Zr52.5Cu17.9Al10Ni14.6Ti5.0 BMGs were investigated in NaCl solutions.  Both Zr50Cu40Al10 
and Zr50Cu33Al10Pd7 exhibited poor corrosion behaviors.  Zr50Cu40Al10 was vulnerable to 
localized corrosion at the open-circuit conditions (OCC).  Zr50Cu33Al10Pd7 experienced 
localized corrosion at OCC or at slightly higher potentials.  Anodic-polarization of both 
alloys demonstrated that small increases in the applied potential resulted in significant 
increases in the current density.  Scanning electron microscopy examination of the 
corroded surfaces of both the Zr50Cu40Al10 and Zr50Cu33Al10Pd7 BMGs revealed that an 
oxide layer formed on the surfaces after the exposure to the chloride solutions.  In both 
cases, the growth pattern of the oxide seemed to be related to a dendritic structure.  
Scanning Auger microanalysis of the heavily corroded areas on Zr50Cu40Al10 showed that 
the attacked regions were enriched with Cu, Cl, and O.  Higher concentrations of Pd and 
Cu were observed in pits as opposed to the surface of Zr50Cu33Al10Pd7.  A corrosion 
mechanism related to a galvanic electrode effect and the formation of CuCl and CuO was 
proposed. 
 The anodic-polarization behavior of Zr52.5Cu17.9Al10Ni14.6Ti5.0 (Vitreloy 105) was 
improved over the behaviors of Zr50Cu40Al10 and Zr50Cu33Al10Pd7.  Corrosion 
investigations were performed on samples obtained from regions transverse to and along 
the long axis of Vitreloy 105 ingots.  “Swirl” features, usually thought to be areas of 
crystallinity, were visible in the longitudinal samples.  Some longitudinal samples were 
treated with a laser in attempts to induce crystallinity.  The cross-sectional samples were 
passivated at OCC; however, pits did initiate after significant overpotentials were 
vii 
 
applied.  Some regions of the pits had a porous morphology that was enriched with Cu.  
The longitudinal samples also exhibited passive behavior at OCC.  However, despite the 
presence of the “swirl” regions, the longitudinal samples were immune to pitting 
corrosion for the tested potential range.  In-situ AFM experiments were performed on 
longitudinal samples in 0.6 M NaCl at an applied potential of -190 mV, SCE.  Generally, 
the height of the surface increased with time, which was thought to be related to the 
thickening of the passive film.  This observation may be associated with the improved 
pitting resistance of the longitudinal samples.    
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Chapter 1. Introduction 
 Bulk metallic glasses (BMGs) are metal alloys that have amorphous atomic 
structures.  Conventional alloys consist of atoms arranged so that long-range periodic 
order occurs.  Atoms in BMGs have only local, nearest neighbor, ordering [1].  
Therefore, these alloys do not have defects that are the result of deviations from a lattice 
structure (e.g., dislocations and grain boundaries).  In addition, second phases, 
precipitates, and segregates are rare in BMGs [2].  This is because the rapid cooling rates 
required to produce an amorphous structure decrease the likelihood of appreciable solid-
state diffusion.  The unique structure of BMGs has led to interest in how their properties 
compare to their crystalline counterparts.  BMGs are shown to exhibit higher tensile 
strengths, hardnesses, and lower Young’s moduli than their crystalline counterparts [3]. 
 The Zr-based BMGs have become an emerging class of materials because of their 
attractive properties.  These alloys readily form their amorphous structure with lower 
critical-cooling rates (1 -10 K/s) than Fe, Mg, Ti and other BMG compositions.  In 
addition to high strengths [3-5], high hardnesses [6], and low moduli [3, 7], Zr-based 
BMGs have excellent fatigue properties [3, 8, 9].  These BMGs have been used in 
sporting goods and electronic casings.  They are currently being investigated for coatings 
and biomedical applications.  The prospective applications, especially biomedical related, 
have underscored the relevance of the aqueous corrosion behavior of these materials.  For 
this reason, several investigations on the aqueous corrosion behavior of Zr-based BMGs 
have been performed [10-20].  Studies have reported that Zr-based BMGs are vulnerable 
to pitting corrosion, especially in solutions containing chloride [21-24].  These findings 
have been fascinating.  Zr-based BMGs are expected to be more resistant than their 
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crystalline counterparts to pitting (localized) corrosion due to their chemical homogeneity 
and the absence of microstructural defects, such as grain boundaries and second phase 
precipitates [2, 25, 26].  Also, since BMGs are not restricted by solubility limits, there is 
flexibility with the alloy design [26].  Specifically, corrosion resistant elements may be 
added in order to enhance the corrosion resistance of the BMG [11].  However, the 
pitting corrosion behaviors of Zr-based amorphous alloys have been reported to be only 
slightly improved when compared to their crystalline counterparts [25, 27].   
Explanations have been given in attempts to justify pitting corrosion in Zr-based 
BMGs, namely, (1) pitting is due to the presence of crystalline inclusions in the 
amorphous matrix [11, 18] and (2) pitting is due to chemically-distinct regions in the 
amorphous matrix [18].    The analysis is further complicated by considering that changes 
in the chemistry may accompany crystalline inclusions.  In addition, the chemical 
composition of inclusions may depend on the nominal composition of the BMG.  Though 
some mechanistic descriptions of the pitting corrosion behavior of Zr-based BMGs are 
available, they are scarce due to the interest in reporting and ranking the corrosion 
behaviors of new compositions.  Often the descriptions available, though reasonable, 
have limited experimental support.   
The overall goal of the research is to elucidate the pitting corrosion mechanisms 
of three Zr-based BMGs [Zr50Cu40Al10, Zr50Cu33Al10Pd7, and Zr52.5Cu17.9Al10Ni14.6Ti5.0 
(atomic %, at. %)] in chloride containing solutions.  This aim will be met by addressing 
the following questions 
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(1) How do variations in the alloy composition and chloride ion concentration 
of the electrolyte affect the anodic-polarization behavior of Zr-based 
BMGs? 
(2) What is the chemical makeup of the electrochemically-treated surfaces of 
Zr-based BMGs? 
(3)   What are the corrosion products associated with the polarization of Zr-based 
BMGs in chloride solutions?   
(4) What role (if any) do microcrystalline inclusions play in the pitting 
corrosion in Zr-based BMGs? 
 
  
 4 
 
Chapter 2. Review of the Literature 
2.1. History of Metallic Glasses and Bulk Metallic Glasses 
 
The structure of metallic elements and their alloys has historically been described 
as a three-dimensional periodic array of atoms.  Duwez and his co-workers at the 
California Institute of Technology became the first to fabricate amorphous alloys 
(metallic glasses) by direct quenching from the melt [1].  Though commonly compared to 
glasses, amorphous alloys consist mainly of metallic elements and have electrical, 
magnetic, and optical properties similar to conventional metals [28].  In 1960, Klement et 
al. [29] rapidly cooled Au75Si25 from its molten state by splat quenching producing an 
alloy without long-range periodic order.  Figure 1 highlights the difference between the 
temperature dependence of the specific volume observed during vitrification and 
crystallization of a molten metal (black and gray curves, respectively) [1, 30].  When a 
conventional metal is cooled from the melt, a discontinuous decrease in the specific 
volume is observed if the metal is allowed to crystallize at the equilibrium freezing 
temperature, Tm.  A sufficiently high cooling rate can sometimes suppress the volume 
discontinuity (i.e., crystallization) and solidification will occur at the glass transition 
temperature, Tg.    
The extreme cooling rate achieved by the splat quenching process enabled the 
suppression of crystallization during solidification [1].  The quenching rate was estimated 
to be at least 106 K s-1 with the resulting thickness varying from 1 to 10 µm [31].  In 
general, critical cooling rates greater than 105 K s-1 were required to produce metallic 
glasses with thicknesses on the order of 50 µm.  Thus, the progress of metallic glasses 
was inhibited by the high critical-cooling rates required to preclude nucleation and 
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growth of crystalline phases.  Alloys of Pd-Cu-Si, Pd-Ni-P, and Pt-Ni-P were exceptions 
to the rule and considered to be easy glass formers due to (1) critical cooling rates on the 
order of 102 K s-1 and (2) their ability to be fabricated into rods of 1 to 3 mm [31].  
Drehman, Greer, and Turnbull [32, 33] illustrated that amorphous spheres of Pd40Ni40P20 
up to 5.3 mm in diameter could be produced with low cooling rates (~ 1.4 K s-1).   
By the early 1990s, Inoue and co-workers in Japan had introduced a new series of 
alloy systems: La- [34], Mg- [35], Zr- [36, 37], Ti- [38], Fe- [39-45], Cu- [46-48], and 
Pd- [49, 50].  Johnson, Lin, and Peker also made significant contributions with Zr- and 
Ti-based alloy systems [51, 52].  These novel multicomponent systems required lower 
critical-cooling rates (some as low as 10-1 K s-1) and yielded diameters as large as 1 cm 
[3, 53].  These systems that readily form glasses are commonly called bulk metallic 
glasses, BMGs, or bulk amorphous alloys, BAAs.   
2.2. Glass-Forming Ability in Amorphous Alloys 
 
Inoue proposed the following three empirical rules for obtaining high glass-
forming ability (GFA) in alloys [3] (1) alloy systems containing more than three 
elements, (2) a difference of atomic ratios of greater than 12%, and (3) negative heats of 
mixing between the main elements.  According to Inoue, these rules cause the formation 
of a liquid with a new atomic configuration and short-range multicomponent interactions.  
The new configuration and the short-range interactions increase the solid/liquid 
interfacial energy (i.e., increase the liquid stability) and require long-range atomic 
rearrangement for crystallization.  In turn, nucleation and growth of crystalline phases are 
suppressed. 
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Finding alloy compositions with high GFA has been an important step in attempts 
to advance the study of amorphous alloys.  A low critical cooling rate (Rc) has served as 
an indicator of good GFA.  There is an inverse relationship between the Rc and the 
maximum specimen thickness, tmax.   The Rc and tmax for various bulk metallic glass 
systems are presented in Figure 2 [3].  Though Rc is a consistent gauge of GFA, precise 
measurements of Rc are difficult.  Other parameters based on thermal analysis have been 
created to quantify the GFA of alloy systems.  
Figure 3 presents characteristic temperatures that can be obtained from thermal 
analysis measurements of an amorphous alloy.  The thermal analyses can provide the 
glass transition (Tg), crystallization (Tx), solidus (Ts), and liquidus temperatures (Tl).  The 
most common parameters used to assess GFA have been the reduced glass transition 
temperature [54], the supercooled liquid region [55], and the gamma parameter [56].  The 
reduced glass transition temperature (Trg) is defined by the following expression 
 =              (2.1) 
High values (approaching unity) of Trg imply high GFA.  A low value of Tl and a high 
value of Tg increases the probability of cooling through the region without inducing 
crystallization [57].  The supercooled liquid region (∆Txg) [55] is expressed as 
         ∆	 = 	 −                 (2.2) 
Larger values of ∆Txg generally correspond to higher GFA.  The larger the supercooled 
region the greater the tendency of the glass to resist devitrification when heated [58].  The 
gamma parameter (γ), which is given below 
                   =   ,     (2.3) 
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has also been introduced as a measure of GFA with larger values signifying better GFA.  
The gamma parameter [56] combines Trg and a weighted expression of the super-cooled 
region (∆Txg/Tg).     
 
Inoue’s three empirical rules intrinsically stress the importance of the 
composition on the GFA of an alloy.  However, even a composition with high GFA can 
be adversely affected by the presence of impurities in the alloy melt.  In particular, 
oxygen contamination of the alloy has been shown to negatively affect the GFA [59-62].  
Murty et al. [63], for instance, investigated the thermal properties of Zr65-xCu27.5Al7.5Ox (x 
= 0.14%, 0.43%, and 0.82%) amorphous alloys.  An increase in oxygen from 0.14% to 
0.82% was accompanied by a significant decrease in ∆Txg from 79 to 57oC.  Oxygen 
contamination of the molten melt can also increase the critical-cooling rate by promoting 
heterogeneous nucleation [60].  Higher critical-cooling rates make it more difficult to 
form a completely amorphous sample.  Liu et al. [64] demonstrated that microalloying 
the Zr52.5Cu17.9Ni14.6Al10Ti5 (atomic, at., %) BMG with B and Si was effective in 
counteracting the detrimental effects of oxygen on the GFA and thermal stability.     
2.3. Relevance of Zr-based Bulk Metallic Glasses (BMGs) 
The ability to fabricate amorphous alloys of larger diameters has made the 
quantification of physical and mechanical properties possible [65].  As demonstrated in 
Figure 2, Zr-based BMGs have low critical-cooling rates; therefore, many can be 
fabricated by conventional melting and casting techniques.  These alloys have also been 
shown to possess mechanical properties that make them attractive for structural and other 
applications [3, 65, 66].  Some of the unique properties exhibited by Zr-based BMGs are 
high GFA [51, 67-69], near-net-shape formability [65, 66], high strength-to-weight ratios 
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[65], high strengths [3, 66], high fatigue strengths [3, 8, 9, 70], high elastic strains [69, 
71], and low Young’s moduli [7, 66].  Figure 4 presents a comparison of the mechanical 
properties of various BMG systems compared with conventional crystalline alloys.  The 
fatigue-endurance limits of some Zr-based BMGs are comparable or higher than those of 
some crystalline alloys (Figure 5) [9].  Due to their high fatigue strength, Zr-based BMGs 
are currently being used in sporting goods such as golf clubs and tennis racquets.  They 
are also being considered for biomedical applications (e.g., surgical tools and implant 
components) and hinge components for cellular phones.  The prospect of biomedical 
applications for Zr-based BMGs has increased interest in their corrosion resistance [72-
78].     
2.4. Corrosion Behavior of Zr-based Metallic Glasses and Bulk Metallic Glasses 
(BMGs) 
Gebert et al. [11] performed the first electrochemical investigation of a Zr-based 
BMG.  The study examined the cyclic-polarization behavior of the Zr55Cu30Al10Ni5 (at. 
%) BMG in nitrogen-purged Na2SO4 and NaOH and its localized corrosion behavior in 
nitrogen-purged NaCl.  The BMG was immune to pitting corrosion in the Na2SO4 and 
NaOH solutions.  However, a chloride concentration of 10-3 M resulted in pitting 
corrosion.  A scanning electron microscope (SEM) image, Figure 6, revealed a pit that 
was generated at a small crystalline inclusion (~ 4 µm) on Zr55Cu30Al10Ni5.  The phase 
boundary between the amorphous matrix and the dendrite was believed to have a 
detrimental effect on the localized corrosion resistance.  This was compared to the 
sometime negative effects of grain boundaries on the corrosion behavior of 
polycrystalline materials.  Two possible explanations were given for the pitting corrosion: 
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(1) a composition change of the bulk alloy or the passive film in the transition zone or (2) 
formation of crevices due to stresses in the transition zone.  This analysis furthered the 
idea that crystalline inclusions were the key to understanding localized corrosion in 
amorphous alloys.  The crystalline inclusions that have been observed in Zr-based BMGs 
are believed to be the result of heterogeneous nucleation caused by the presence of 
impurities in the molten alloy [3, 11, 64].    Figure 7a is an optical micrograph exhibiting 
the "swirl" regions commonly observed on a polished and etched specimen of the 
Zr52.5Cu17.9Ni14.6Al10Ti5.0 BMG (Vitreloy 105).  Peter et al. [27] stated that the spiral 
regions were areas of crystallinity located just inside the circumference of the ingots and 
were comprised of microstarlets (Figure 7b).  Star-shaped dendrites were observed by 
Eckert et al. [79] for the as-cast glass-matrix composite with the nominal composition of 
Zr63Ti5Nb2Cu15.8Ni6.3Al7.9.   
2.4.1. The Effect of Structure on the Corrosion Behavior of Metallic Glasses and 
Bulk Metallic Glasses (BMGs)  
Attempts to gain more information on the possible relationship between 
crystalline inclusions and the corrosion behavior have been approached in the literature 
primarily in one of two ways: (1) comparing the corrosion behavior of a fully amorphous 
alloy to that of an amorphous alloy with some regions of crystallinity or (2) comparing 
the corrosion behavior of an amorphous alloy to its crystalline counterpart.  Various 
studies have reported deteriorated electrochemical behavior of partially devitrified 
amorphous alloys [80-82].  For instance, Dutta et al. [83] examined the corrosion 
behaviors of the wheel and air sides of Zr76Ni16Fe8 melt spun ribbons in chloride 
environments (10-2 N HCl and 1 M NaCl).  X-ray diffraction (XRD) revealed crystalline 
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phases in the air side of the ribbon.  The anodic-polarization behavior of the air side 
surface was worse than the wheel side surface as demonstrated by its higher anodic 
current densities.       
Mehmood et al. [23] examined the anodic polarization behaviors of sputter 
deposited Cr-60Zr and Cr-67Zr alloys.  The two alloys were heat-treated at temperatures 
of 673, 773, 873, and 973 K for 30 minutes to induce crystallinity.  XRD patterns 
revealed crystalline peaks for the Cr-60Zr samples heat-treated at 773 K and above.  
Crystalline peaks were observed in the diffraction patterns of all the Cr-67Zr samples that 
had been heat-treated.  The initial crystalline phase was hexagonal close packed 
corresponding to zirconium and with longer heat treatments the amorphous matrix 
approached the composition of a Cr2Zr intermetallic compound with the crystallite size 
increasing with temperature.  The pitting potential (Epit) of Cr-60Zr increased with the 
heat-treatment temperature in spite of the presence of crystalline inclusions.  However, 
the Epit of Cr-67Zr only increased with the heat-treatment temperature up until 773 K and 
decreased when the alloy was heat-treated to 873 K.  The initial formation of the 
hexagonal close packed (HCP) phase led to chromium enrichment of the matrix, which 
yielded a more protective passive film.  Decreases in the pitting potential were a result of 
zirconium precipitates reaching a critical size (> 20 nm) where they could no longer be 
covered by the protective passive film. 
On the other hand, there are some cases when partial devitrification has little 
effect on the electrochemical behavior or is even beneficial [84-86].  Köster et al. [14] 
investigated the  salt spray and polarization behavior of amorphous and nanocrystalline 
Zr69.5Cu12Ni11Al7.5 ribbons in 10-1 N NaOH electrolytes.  The authors concluded that there 
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was not much difference between the corrosion behavior of amorphous and 
nanocrystalline Zr69.5Cu12Ni11Al7.5 ribbons when subjected to salt spray tests.  The 
nanocrystalline sample was described as exhibiting a slightly higher corrosion resistance 
when compared to the amorphous sample.  With regards to the polarization behavior, 
both the amorphous and the nanocrystalline ribbons were passivated at their corrosion 
potentials [~ -441 and -491 mV, SCE (standard calomel electrode), respectively].  
Increasing the potential eventually led to sharp surges in the current density.  The authors 
did not mention whether this increase in current density corresponded to a pitting 
potential or a transpassive potential.  There was little difference between the polarization 
behaviors of the amorphous and nanocrystalline ribbons.  However, the amorphous 
ribbon did have a slightly lower passive current density.   
Mondal et al. [87] observed the polarization behavior of amorphous and 
nanoquasicrystalline Zr70Pd30 and Zr80Pt20 alloy ribbons in NaCl, H2SO4, and NaOH 
electrolytes.   Polarization experiments were performed on melt-spun Zr70Pd30 ribbons 
(wheel speed 20 m/s) that had been annealed at 623 K for 30 minutes and 698 K for 15 
and 90 minutes.  Zr80Pt20 ribbons were annealed at 623 K for 30 minutes.  The authors 
found the completely nanocrystalline ribbons of Zr70Pd30 and Zr80Pt20 were more 
corrosion resistant than amorphous or partially quasicrystalline ribbons in NaCl.  
However, an amorphous ribbon had better corrosion resistance than a mixture of 
amorphous and nanoquasicrystalline phases in NaCl.   
Park et al. [88] investigated the corrosion behavior of various sputter-deposited 
Mo(100-X)ZrX (X = 27, 35, 40, 50, 60, 73, 80, and 88, atomic percent, at. %)  alloys in 12 M 
HCl.  For comparison sputter-deposited Mo and Zr were also examined.  Alloys 
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containing between 40 and 80 at. % of Zr had diffuse halo x-ray patterns characteristic of 
amorphous materials.  Both diffraction patterns of Mo73Zr27 and Mo65Zr35 indicated a 
mixture of an amorphous phase and the body-centered cubic (BCC) molybdenum phase.  
The structure of the Mo12Zr88 alloy was found to be a mixture of an amorphous phase and 
the HCP zirconium phase. Sputter-deposited Zr had the highest corrosion rate [1.03 x 10-1 
mm/y (mmpy)] followed by sputter deposited Mo (3.9 x 10-3 mmpy).  All of the Mo-Zr 
alloys, regardless of structure, exhibited corrosion rates lower than sputter deposited Zr 
and Mo in the 12 M HCl electrolyte.    Mo12Zr88 had the lowest corrosion rate (~ 5.0 x 10-
4
 mmpy) in spite of its mixed structure.  The anodic-polarization results illustrated that all 
the Mo-Zr alloys were spontaneously passive at open-circuit conditions and were 
passivated to potentials higher than 1.3 V, SCE.  The zirconium-rich alloys (≥ 60 at. %) 
had lower anodic current densities than molybdenum and zirconium with current 
densities decreasing with zirconium additions.   
Regarding the second approach, there have been several studies examining the 
corrosion behavior of Zr-based amorphous alloys and their crystalline counterparts.  It is 
worth mentioning that in order to observe the effect of structural disorder the amorphous 
alloy should be compared to its single phased crystalline counterpart [89].  If the 
crystalline alloy has more than one phase, a galvanic effect become more likely [23, 90], 
and the analysis must include the consideration of a galvanic effect in addition to the 
structural-order effect.  This aspect is not always emphasized in the literature.   Dey et al. 
[91] studied the corrosion rates of amorphous and crystalline Zr67Ni33 alloys in 1 N HCl, 
1 N H2SO4, and 1 N HNO3.  In all solutions, crystalline Zr67Ni33 had higher corrosion 
rates.   
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Naka and coworkers [92] performed immersion and polarization experiments on 
amorphous and crystalline Zr50Cu50 ribbons in various solutions including 3% NaCl and 
found the amorphous ribbon to be more corrosion resistant.    Peter et al. [27] studied the 
polarization behavior of the Zr52.5Cu17.9Ni14.6Al10.0Ti5.0 BMG and its crystalline form in 
0.6 M NaCl.   Both the BMG and crystalline state were passivated at their corrosion 
potentials (Ecorr) (-257 and -252 mV, SCE, respectively) and exhibited low corrosion 
current densities.  Eventually, pitting corrosion occurred when samples were polarized to 
their critical pitting potentials (Epit).  The mean Epit values for the BMG and the 
crystalline alloy were 61 and 32 mV, SCE, respectively.   
Schroeder et al. [25] examined the polarization behavior of the 
Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMG and its crystallized form in NaCl and NaClO4 
electrolytes.  The average Ecorr and Epit values in NaCl were -205 and 2 mV, SCE, 
respectively, for the Zr41.2Ti13.8Cu12.5Ni10Be22.5 BMG and -316 and -227 mV, SCE, 
respectively, for its crystallized form.  In the NaClO4 solution, the average Ecorr values for 
the BMG and the crystalline alloy were -265 and -290 mV, SCE, respectively.  Neither of 
the alloys was passivated in NaClO4 and there was little difference in the anodic current 
densities.  From the NaClO4 results, the authors concluded that an amorphous structure 
did not significantly improve the general and localized corrosion resistance 
Zr41.2Ti13.8Cu12.5Ni10Be22.5.  
Though there are many studies that support superior corrosion (i.e., general and/or 
localized) resistance of amorphous alloys and BMGs over their crystalline counterparts, 
this is not always the case.  Polarization experiments were performed on amorphous and 
crystalline Cu45Zr55, Cu50Zr50, and Cu60Zr40 alloys by Bala and Szymura [93].  Argon 
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saturated 1 N solutions of H2SO4, HCl, and Na2SO4 served as the electrolytes for 
polarization tests.  The authors reported no significant structural effect in the 1 N H2SO4.  
However, crystalline Cu50Zr50 and Cu60Zr40 alloys were more resistant to localized and 
general corrosion than the amorphous alloys in 1 N HCl.   
2.4.2. The Effect of Composition on the Corrosion Behavior of Metallic Glasses and 
Bulk Metallic Glasses (BMGs) 
It is clear that the “lack of structure” of amorphous alloys can affect the corrosion 
behavior; however, the composition may be a more significant factor [89].  The 
differences observed between the electrochemical behaviors as a consequence of 
structure are generally less pronounced than the differences due to changes in the 
composition.  Various reports have shown that changes in composition (sometimes even 
less than 5 at. %) can markedly alter the general and/or localized corrosion behavior [19, 
22, 74, 94-102].  Since BMGs are not restricted by solubility limits, there is flexibility 
with the alloy design [26].  However, altering the composition must be balanced with 
maintain a glass-forming alloy.  Many investigations have focused on reporting the role 
of composition on the corrosion behavior of Zr-based BMGs.  Zr-Cu-Al, Zr-Cu-Al-Ni, 
Zr-Ti-Ni-Cu-Be, and Zr-Cu-Al-Ni-Ti have been the most commonly investigated 
systems.  Liu et al. [99] examined the polarization behavior of Zr65-xHfxCu17.5Ni10Al7.5 (x 
= 0 and 1 at. %) BMGs in 0.5 M NaCl electrolytes.  The substitution of 1 at. % of Hf 
drastically improved the pitting resistance of the alloy and increased the pitting potential 
by more than 550 mV.  Hafnium was believed to promote the formation of a stable 
protective film.   
 15 
 
Qiu et al. [74] found that additions of Nb to a Zr-Al-Cu-Ni BMG improved the 
localized corrosion behavior.   The potentiodynamic polarization behaviors of the Zr65-
xNbxCu17.5Ni10Al7.5 (x = 0, 2, and 5 at. %) BMGs were investigated in simulated body 
fluids (chloride concentration ≈ 0.2 M).  The pitting potential was raised by 950 mV with 
the addition of 5 at. % Nb.  Raju and coworkers [22] investigated the effect of additions 
of up to 5 at. % of Nb and Ti on the polarization behavior a Zr-Cu-Al-Ni BMG in 10-2 M 
NaCl electrolytes.  Niobium and Ti were both shown to improve the resistance to 
localized corrosion as demonstrated by an elevation of Epit.  Niobium was found to be 
more effective than Ti.   
Huang et al. [101] examined the anodic polarization behavior of Zr55Al10Ni5Cu30 
and (Zr55Al10Ni5Cu30)0.99Y1 BMGs in phosphate buffered saline solutions at 310 K.  The 
(Zr55Al10Ni5Cu30)0.99Y1 BMG had a larger pitting overpotential (Epit-Ecorr) than the 
Zr55Al10Ni5Cu30 BMG (446 and 349, mV, respectively) indicating Y improved the 
resistance to pitting corrosion.  Yttrium also improved the general corrosion resistance.  
The corrosion penetration rate (CPR) of Zr55Al10Ni5Cu30 was 9.9 µm/y compared to 0.6 
µm/y for (Zr55Al10Ni5Cu30)0.99Y1.  Qin and coworkers [95] observed the polarization 
behavior of bulk amorphous Zr55Al10Cu30Ni5−xPdx (x = 0, 1, 3, and 5 at.%) alloys in 0.6 M 
solutions and found Pd additions had a detrimental effect.  The additions of Pd decreased 
Epit (1 at.% Pd) or destroyed the passivating abilities (3 and 5 at. %).  Figure 8 presents 
polarization curves of selected Zr-based BMGs [15, 27, 97, 99, 103] from experiments 
performed in either 0.5 or 0.6 M NaCl electrolytes.       
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2.4.3. Pitting Mechanisms of Zr-based Metallic Glasses and Bulk Metallic Glasses 
(BMGs) 
The structural and compositional aspects are commonly the subject of published 
reports on the localized corrosion behavior of Zr-based metallic glasses and BMGs.  Less 
attention has been given to developing detailed descriptions of the possible chemical 
reactions and processes that accompany the localized corrosion of Zr-based metallic 
glasses and BMGs.   Recently, authors have been giving more consideration to the 
chemical and microstructural analysis of the corroded surfaces in attempts to provide 
insight on pitting mechanisms.  For instance, the cracked and mottled appearance 
observed outward from the corrosion pits [90, 101, 102, 104, 105] and the porous or 
sponge-like (sometimes described as honeycomb) appearance within the corrosion pits 
[99, 101, 104, 105] on Zr-based metallic glasses and BMGs have been reported in several 
studies.  Mudali et al. [104] described and analyzed this morphology for a pit that formed 
on the Zr59Ti3Cu20Al10Ni8 BMG during polarization in a H2SO4 solution containing NaCl 
(Figure 9).  Energy dispersive x-ray (EDX) analysis of the cracked and porous regions 
revealed enrichment of Cu and a depletion of Zr and Al.  High levels of oxygen were 
present in the “bright products” region.  Similar findings have been reported by others 
[101, 105].  After the polarization of Zr58Cu28Al10Ti4 and Zr65Cu7.5Al7.5Ni10Pd10 
amorphous ribbons in 0.5 M NaCl, Mondal et al. [90] found that a corrosion pit on 
Zr58Cu28Al10Ti4 was enriched with Cu.  While a pit on Zr65Cu7.5Al7.5Ni10Pd10 was 
significantly enriched with Cu and Pd.  Lu and coworkers [105] examined the pitting 
corrosion behavior of Cu-Zr amorphous ribbons in 0.1 M HCl.  In addition to observing 
high levels of Cu in corrosion pits with EDX analysis, XRD of the pits yielded proof of 
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copper and cupric chloride (CuCl2) on the corroded surface.  It was stated that the porous 
morphology of pits was dependent on the Cu-Zr ratio.  Zander et al. [20]performed XRD 
on Cu46Zr42Al7Y5 after polarization in a 10-2 NaCl solution and Cu and CuO peaks were 
detected.  
Morrison [106] conducted an anodic-polarization study of Vitreloy 105 in 0.6 M 
NaCl.  Polarization experiments were aborted 1-5 mV after the pits began to initiate (i.e., 
Epit), and subsequently, the surface was examined by SEM.  Figure 10a and Figure 10b 
are the pre-test and post-test micrographs, respectively.  Morrison stated the morphology 
of the pits suggested that initiation may have been caused by inhomogeneities in the 
amorphous matrix.   However, the author did not mention observing inhomogeneities 
such as crystalline microstarlets on the surface prior to the electrochemical experiments.  
EDS analyses of pits revealed that they were enriched with Cu and depleted in Zr. 
The increased knowledge about the chemistry of corrosion pits has aided in the 
development of several descriptions of pitting in Cu containing Zr-based amorphous 
alloys.  The descriptions do not concentrate on pit initiation.  Rather, it has been assumed 
that pits initiate due to chloride penetration of weak spots in the passive film.   This has 
been one of the classical approaches to pit initiation with crystalline alloys.  However, 
with amorphous alloys, the weak spots have been either presumed to be a result of 
crystalline inclusions or not specifically identified.  Mondal et al.  [90] and Lu et al. [105] 
explain the enrichment of corrosion pits with Cu (and Pd in the case of Mondal et al.) as a 
consequence of selective dissolution of the less noble elements (e.g., Zr and Al).  The 
preferential dissolution of the less noble elements is also believed to result in the porous 
morphology of the pits.  Mixing enthalpies of Zr and the other elements in the amorphous 
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alloy compositions were also used by Mondal et al. to justify the enrichment of corrosion 
pits with Cu and Pd.   Lu et al. [105] asserted that the remaining Cu in the attacked 
regions rearranges and transforms into a porous CuCl film at higher anodic potentials. 
In a review article, Mudali et al. [102] suggested that the mere presence of 
crystalline inclusions did not provide a sufficient explanation for the poor localized 
corrosion resistance of Zr-based BMGs, especially when a protective passive film 
existed.  A pitting mechanism was proposed to explain the corrosion behavior of Zr-
based BMGs in chloride environments.  The authors asserted (based on previous studies) 
that below the film (predominately ZrO2 with smaller amounts of Al2O3) there is a Cu-
enriched layer.  The chemical composition of the oxide that forms on Zr-based BMGs 
due to passivation has been verified in other investigations [18,31-33].  Mudali et al. 
stated that the presence of the enriched Cu layer rather than a copper oxide is supported 
by the high Gibbs free energy of formation for copper oxide when compared to the 
energy of formations of zirconium and aluminum oxides.   The diffusion of chloride ions 
through the oxide film is enhanced by the copper enriched layer.   An interaction between 
the chloride ions and copper layer will yield cupric chloride (CuCl2).  Released cupric 
ions, Cu2+, are believed to polarize the surface and attack weak points on the ZrO2 film.  
Cupric chloride causes the pitting attack, and the cracked appearance of corrosion pits is 
a result of the generation of cupric chloride species at the site.  In a recent study on the 
corrosion behavior of Zr-Ti-Nb-Cu-Ni-Al BMG composites, Gebert et al. [35] 
emphasized the significance of copper inhomogeneity on the pitting susceptibility.   
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2.4.4. Summary 
The literature on the localized corrosion behavior of Zr-based BMGs has focused 
on the role of crystalline inclusions and composition.  From the reports, it seems that 
composition has a more dramatic effect on the pitting behavior than that of crystalline 
inclusions.  The effect of crystalline inclusions on the localized corrosion behavior is not 
clear as evidenced by conflicting corrosion reports.  Some reports show that crystallinity 
may play a role on the general corrosion behavior but not necessarily the pitting corrosion 
behavior.  The contradictory reports may be due to lack of knowledge regarding the 
induced crystallinity.  For example, the composition of the inclusions may be dependent 
on the composition of the amorphous matrix.  Therefore, it is difficult to ascertain 
whether partial devitrification is always detrimental to the localized corrosion resistance 
of a BMG.  Some efforts have been made to provide a more detailed description of the 
pitting mechanisms by paying closer attention to the surface chemistry of specific 
compositions.  The interaction between Cu and Cl seems to be an important aspect of the 
pitting mechanism. 
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Chapter 3. Theoretical Background  
 The results presented in Chapter 5 were obtained using various experimental 
techniques.  This chapter provides fundamental information on some of the experimental 
methods and summaries of their governing principles.   
3.1. Atomic Force Microscopy 
The atomic force microscope (AFM) belongs to a family of microscopes that is 
able to provide high-resolution (nanoscale) information about a sample by monitoring 
interactions between the surface and a sharpened scanning probe.  In the case of atomic 
force microscopy (AFM), the near-field character that is monitored is the interaction 
force between the probe and sample surface.  Figure 11 illustrates the primary 
components of an AFM.  The probe tip is mounted on a cantilever.  Piezoelectric 
elements allow the probe to scan the surface and move in the z direction.  Contact mode 
is a common imaging mode; however, there are various operating modes for the AFM.  
During contact mode, the distance between the probe and surface is small enough so that 
a repulsive force is acting on the tip.  The repulsive forces experienced as the probe is 
scanned are related to the surface topography.  Due to the small magnitude of the force, 
the AFM actually measures the deflection of the cantilever.   The deflection system 
consists of a laser beam, which is directed at the back of the cantilever and a four-
quadrant photodetector.  Initially, the beam is aligned at a position on the cantilever so 
that its reflection is located at the origin of the photodetector.  Changes in the beam 
position from the origin are used to determine the deflection of the cantilever.  The 
repulsive force is calculated using Hooke’s Law 
 =  −      (3.1) 
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where F is the force, k is the cantilever spring constant, and x is the vertical deflection.  
The calculated force is then converted to an electrical signal.  In contact - constant force 
operation mode, a feedback mechanism maintains a constant deflection as the probe 
scans the surface by adjusting the z piezoelectric transducer.  The adjustments to maintain 
a constant deflection (i.e., constant force) represent the topography of the surface.     
3.2. Differential Scanning Calorimetry and Differential Thermogravimetric 
Analysis 
Differential scanning calorimetry (DSC) and differential thermogravimetric 
analysis (DSC-TGA) are thermo-analytical techniques used to determine thermal 
properties of a sample [107].  From these methods, it is possible to obtain thermal 
properties such as Tg and Tx.  In DSC, a temperature program controls the temperatures 
of an empty reference pan and a pan containing a sample.  The instrumentation ensures 
that the reference pan and the sample pan are heated at the same rate and maintained at 
the same temperature.  Heat is added to or subtracted from the sample pan in order to 
make sure its temperature is the same temperature as reference pan.   The results of a 
DSC experiment provide the difference in the heat output of the two pans as a function of 
increasing temperature.   The magnitude of the heat added or subtracted is equivalent to 
the amount of energy absorbed or released due to a thermal transition [107].  In addition 
to measuring the difference in the heat output, the DSC-TGA also determines the change 
in mass of the sample as a function of temperature.     
3.3. Polarization Experiments 
Polarization experiments provide a means to characterize the aqueous 
electrochemical behavior of metals and alloys of interest.  The pertinent data is obtained 
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by interfacing an electrochemical cell with a potentiostat.  In Figure 12, a standard three-
electrode electrochemical cell consisting of counter, working, and reference electrodes in 
an electrolyte is shown.  The counter electrode completes the electrochemical circuit 
without corroding and contaminating the electrolyte.  The potential of the working 
electrode, the material to be studied, is measured with respect to the reference electrode 
(a constant potential electrode).  During the experiments, the potentiostat controls the 
potentials of the working electrode while the current response is measured.  The 
corrosion potential (Ecorr) is the measured potential when the working electrode is not 
controlled by the potentiostat.  This condition is referred to as the open-circuit condition 
(OCC).  The corresponding external current density at the OCC is zero.  Cathodic or 
anodic polarization occurs when the potentiostat imposes potentials more negative or 
more positive, respectively, than the Ecorr.    The polarity associated with cathodic and 
anodic polarization is shown in Figure 12.  Electrons are supplied to the working 
electrode during cathodic polarization.  This trend means that a net reduction reaction is 
occurring at the working electrode.  During the anodic polarization, electrons are driven 
from the working electrode.  Anodic polarization corresponds to a net oxidation reaction 
at the working electrode.  Oxidation at the working electrode is designated the corrosion 
reaction because the working electrode is degraded by the following reaction 
 →  +     (3.2) 
where M represents the metal working electrode, Mm+ is a metal ion that is released into 
the electrolyte, and me are moles of electrons that flow through the circuit.  For a specific 
example, consider the anodic polarization of iron in a deaerated hydrochloric acid 
electrolyte.  The overall reaction can be written as  
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 + 2 →  +      (3.3) 
Equation (3.3) is the sum of the oxidation and reduction half-reactions shown, 
respectively. 
       →  + 2          (3.4) 
        2 + 2 →      (3.5) 
The reduction of hydrogen ions supports the oxidation of iron.    
The data obtained from polarization experiments (Figure 13) provides insight on a 
material’s resistance to general and localized corrosion.  Potential is the independent 
variable (and the “driving force” for oxidation) though it is plotted on the ordinate.  
Several of the parameters that can be determined from the polarization curves are denoted 
in the figure.  Polarization experiments are commenced a few millivolts below the Ecorr in 
order to obtain a portion of the cathodic curve.  The corrosion potential is identified as 
the potential at which the current density approaches zero.  As the potential is raised 
above Ecorr there is a region of almost constant current density.  This region corresponds 
to the formation of a protective film on the sample surface, which hinders the oxidation 
reaction at the surface and yields low current densities.  The low almost constant current 
density is called the passive current density, ip.  The region where the ip dominates is 
designated the passive region.  Usually, increasing the potential eventually results in the 
breakdown of the passive film and a corresponding surge in the current density ensues.  If 
the breakdown of the film is localized, cavities will be present on the surface of the 
material.  In this case, the material is susceptible to pitting (localized) corrosion.  Thus, 
the difference between Epit and Ecorr can be used to describe a material’s resistance to 
pitting corrosion.  Alloys that exhibit the type of polarization behavior described above 
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are called active-passive alloys.  Some materials, however, experience uniform rather 
than localized corrosion.  Figure 14  is a representative polarization curve of a material 
which undergoes uniform corrosion.  The potential and the logarithm of the current have 
a linear relationship (Tafel behavior).  An anodic diffusion current limit is also shown in 
Figure 14.  At a limiting diffusion current density, id, the polarization behavior is 
controlled by the rate of diffusion of metal ions and or corrosion products from the 
surface.     The observation of id is possible in materials that exhibit Tafel or passivation 
behaviors.   
 In addition to parameters shown in Figure 13 and Figure 14, the uniform 
corrosion rate under naturally corroding conditions (i.e., at Ecorr) can be determined from 
the corrosion current density.  The corrosion current density, icorr, is obtained by 
extrapolative procedures or one of various experimental methods.  The corrosion 
penetration rate, CPR (µm/year), can then be calculated by applying Faraday’s Law: 
                                                CPR= 0.327 * M * icorrmρ                                          (3.6) 
where M (g/mol) is the atomic mass, icorr (mA/m2) is the corrosion current density,  m is 
the metal-ion valence, and ρ (g/cm3) is the density  [108]. 
3.4. Scanning Auger Spectroscopy 
In electrochemical corrosion, the dominate concern is the transport of charge 
across an interface (e.g., a metal/electrolyte interface).  Corrosion, therefore, is defined as 
a surface phenomenon.  Techniques that are able to characterize the surface are attractive 
in corrosion research.  Auger electron spectroscopy (AES) allows the semi-quantitative 
nondestructive determination of the elemental compositions of surfaces, thin films, and 
interfaces [109].  In addition to providing highly sensitive (~ 0.1 at. %) chemical analysis 
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of the surface, the ability of AES to characterize films is advantageous since, as discussed 
previously, the passive film plays a role in protecting the surface from localized 
corrosion.   
The Auger process is a result of the interactions that occur when incident 
radiation contacts the surface.  An incident electron beam strikes the sample surface and 
ejects a core-level electron resulting in an ionized atom.  The core-level vacancy is filled 
by an outer-level electron.  Subsequently, another electron (an Auger electron) is emitted 
in order to return the ionized atom to its ground state [109, 110].  Thus, the Auger process 
results in a doubly-ionized atom.  The governing equation for the Auger process is given 
below  
KE./012 ≈ E4521 − E5/612 − E./012                                   (3.7) 
where KEAuger is the kinetic energy of the emitted Auger electron, Ecore is the binding 
energy of the ejected core-level electron; Eouter is the binding energy of the outer electron 
that fills the core-level vacancy; and EAuger is the binding energy of the emitted Auger 
electron.  Since the KEAuger is related to binding energies, the kinetic energies of Auger 
electrons provides characteristic peaks in the spectrum, which are used to identify the 
elements present on the surface.  Figure 15 [110] illustrates the Auger process with the 
ejection of a K electron, an internal transition of a L2,3 electron, and the ejection of a L2,3 
election.  Auger electrons have relatively low kinetic energies.  Only the Auger electrons 
from near the surface (a depth of ~100 Å) can escape without being scattered, thus 
making AES is a reliable surface analysis technique.  
AES in conjunction with ion sputtering allows depth profiles of films.  An ion-
sputter gun removes layers of the surface at a predetermined rate, and subsequently, the 
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Auger data is collected from each new surface.  With the collected information, Auger 
sputter profiles can be generated.  The profiles provide the sample composition as a 
function of the depth.  In addition, individual Auger lineshapes of a particular element 
can be plotted along with the corresponding sputter cycle.   Shifts in the lineshapes can 
provide limited information about the chemical state of the element.  For instance, a shift 
in a peak as a function of successive sputter cycles can provide insight on if bonding is 
metal-metal or metal-oxide bonding.  The profile data along with the elemental 
lineshapes can provide information regarding the composition of an oxide film.  
Reasonable estimates of the film thickness can also be made by taking the sputter rate 
into account.   
Scanning Auger microscopy (SAM) is an attractive technique that combines the 
capabilities of AES and SEM.  The electron beam is scanned across the surface of the 
sample.  When the scanning Auger microscope is operating in its SEM mode, images are 
obtained by collecting the secondary electrons that are emitted as a result of the beam 
interaction with the sample surface.  SAM can also be used to generate chemical maps of 
the sample surface.  The lateral resolution of SAM is less than 100 Å [109]. 
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Chapter 4. Experimental Methods 
4.1. Materials  
Samples of the Zr52.5Cu17.9Al10Ni14.6Ti5.0 BMG (Vitreloy 105, at. %) were 
fabricated by arc-melting.   Appropriate amounts of Zr, Cu, Al, Ni, and Ti were weighed 
(± 0.001 g) to obtain 20 g of the raw material.  The elements were arc-melted in a Zr-
gettered argon atmosphere on a water-cooled copper hearth.   To insure adequate mixing, 
the button of the master alloy was flipped and re-melted five times.  Drop-casting of the 
buttons were performed in a water-cooled cylindrical copper mold.  High-purity Zr (99.5 
weight, wt., %), Cu (99.999 wt. %), Al (99.999 wt. %), Ni (9 9.9945 wt. %), and Ti 
(99.99 wt. %) were used to produce Vitreloy 105 ingots of 6.4 mm in diameter.   
Specimens of the Zr50Cu30Al10 [111-115] and Zr50Cu33Al10Pd7 were provided by 
Professor Yoshihiko Yokoyama at Tohoku University (Sendai, Japan).  The constitutive 
elements were arc-melted in an argon environment yielding master alloy buttons.  
Buttons of the Zr50Cu33Al10Pd7 master alloys were then re-melted and cast in cylindrical-
copper molds using a tilt-casting apparatus [116, 117].     Cylindrical ingots of 
Zr50Cu40Al10 were obtained using a cap-cast technique [118].  The Zr50Cu40Al10 and 
Zr50Cu33Al10Pd7 ingots were 6 and 8 mm in diameter, respectively.  The corrosion 
behaviors of crystalline elements were also investigated for comparison purposes.  High-
purity plates of Zr, Cu, Al, Ni, and Ti were obtained from Alfa Aesar. 
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4.2. Experimental Techniques 
4.2.1.  X-Ray Diffraction 
  XRD experiments were performed by a Philips X’pert X-Ray Diffractometer on 
Zr50Cu40Al10, Zr50Cu33Al10Pd7, and Vitreloy 105 to ascertain amorphous structures 
(within instrumental limitations).  The instrument scanned from 2θ values of 20o to 90o 
with a scan rate of 6.6 x 10-3 o/s.   
4.2.2. Differential Scanning Calorimetry 
 The Tg and Tx for Zr50Cu40Al10, Zr50Cu33Al10Pd7, and Vitreloy 105 were 
determined using a Perkin-Elmer Pyris Diamond Differential Scanning Calorimeter.  
DSC investigations were conducted in an argon atmosphere.  All samples were held for 
30 minutes at 323 K, heated from 323 K to 873 K at a rate of 20 K/min, held for 5 minute 
at 873 K, and then cooled back to 373 K at a rate of 80 K/min.         
4.2.3. Differential Thermogravimetric Analysis 
 The Tl was obtained using a DSC-TGA instrument.  Before the experiments, the 
furnace was allowed to equilibrate to 323 K.  The samples were then heated from 323 K 
to 1523 K at a rate of 20 K/min, held at 1523 K for 3 minutes, and cooled back to 323 K 
at a rate of 20 K/min.   
4.2.4. Laser Treatments 
 A Lumonics (Rugby, England) pulsed Nd:YAG laser (Model: JK 701) was used 
to treat Vitreloy 105 in order to induce crystallinity.  Five 1 J pulses at a frequency of 20 
Hz were applied to the Vitreloy 105 sample.  The open shutter time was 3 ms.   
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4.2.5. Polarization Experiments 
 All polarization experiments utilized a standard three-electrode electrochemical 
cell (Figure 12).  A platinum counter electrode was employed in the polarization 
experiments.  The reference electrode was a standard calomel reference electrode (SCE).  
Electrolytes were made by adding appropriate amounts of NaCl to 1930 mL of 
deionized/distilled water.  A pH of 7.0 (± 0.1) was achieved with the addition of a NaOH 
buffer.  The electrolytes in the cell were 0.6, 0.3, or 0.1 M NaCl solutions open to air.  All 
experiments were conducted using an EG&G Princeton Applied Research Model 263A 
Potentiostat/Galvanostat.  The Princeton Applied Research PowerCorr Software was used 
to record the electrochemical data.  Before polarization experiments were commenced, 
each sample was allowed to stabilize in the electrolyte for 1 h or until the OCC 
approached the Ecorr.  The Ecorr was taken as the potential that changed by no more than 1 
mV over a 5-minute time span.  In order to obtain portions of the cathodic curves, the 
starting potential was set 15 to 20 mV below Ecorr.  In general, anodic-polarization 
experiments of the BMGs were either aborted when the current density was 
approximately 10-3 A cm-2 or at a potential of 300 mV, SCE.  The scan rate was 0.17 mV 
s-1 
Cross sections of Zr50Cu40Al10 and Zr50Cu33Al10Pd7 ingots were used as samples 
for corrosion experiments.    Zr52.5Cu17.9Al10Ni14.6Ti5.0 samples were obtained by cutting 
transverse to and along the long axis of the ingot.  The working electrodes were 
constructed in one of two ways.  Samples that were only to be used for polarization 
experiments were mounted in epoxy, and a Cu screw was tapped in back of the mount for 
an electrical connection.  Insulating enamel was used to cover the sample/epoxy interface 
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in order to protect from crevice corrosion.   Samples that were to be examined by SAM 
after polarization experiments were placed in a Teflon holder where a circular cross 
section (3 mm in diameter) was exposed.  Electrical connection was achieved through a 
Cu screw tapped in the back of the holder.  All samples were polished to a 1200 SiC 
surface finish.        
4.2.6. In-situ Optical Microscopy 
 
Figure 16 illustrates the experimental setup used for the in-situ pitting 
observation.  The container holding the electrochemical cell was placed on the stage of 
the optical microscope (NIKON, Microphot FX).  A three-electrode cell was utilized 
consisting of a working electrode (the sample), a platinum counter electrode, and a 
saturated calomel reference electrode (SCE).    The electrolyte was a 0.6 M NaCl solution 
that was open to air (pH = 7.0 ± 0.1).  Electrodes were connected to a PARSTAT 2263 
potentiostat (Princeton Applied Research).   The solution height over the sample was less 
than 2 mm. The optical microscope was attached to a charge coupled device, CCD, 
(Hitachi KP MIU), which was connected to a computer with a Scion LG-3 frame grabber.   
Polarization scans were commenced at potentials below Ecorr to obtain portions of the 
cathodic curve.  The scan rate was 0.17 mV s-1.  Princeton Applied Research PowerCorr 
Software was used to record the electrochemical data.  Images of the specimen surface 
(600 grit) were captured during polarization scans.  The area exposed to the electrolyte 
was approximately 0.20 cm2; however, the images are of an area of 0.29 mm2.    
4.2.7. In-situ Atomic Force Microscopy 
Electrochemical experiments were performed on Vitreloy 105 samples while the 
surface was examined with a Digital Images Dimensions V AFM.   All samples were 
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polished to a 1200 grit SiC surface finish.  A view of the experimental in-situ AFM set-
up is shown in Figure 17.  Figure 18 is an image of the sample holder that was designed 
for the experiments.  The sample was inserted into a rectangular channel through the back 
side of the holder (Figure 18b).  A rectangular copper bar with a hole at each end was 
placed in the channel on top of the sample.  Two screws were inserted through the front 
side of the holder (Figure 18a) through the openings in the bar in order to secure the 
sample into the channel.  The front side of the holder partially exposed three faces of the 
rectangular sample.  An insulating enamel was used to mask the sample so that only a 
small rectangle (~ 0.06 cm2) on the top surface was exposed.  The counter electrode 
(platinum foil) was adhered to the bottom of one of the reservoirs.  Approximately 40 mL 
of the 0.6 M NaCl electrolyte was used to fill the reservoirs.  The SCE was placed in the 
same reservoir as the counter electrode.  Figure 17b shows an image of the 
electrochemical cell within the sample holder.  The sample, counter electrode, and SCE 
were interfaced with the potentiostat (Princeton Applied Research PARSTAT® 2263).   
An optical microscope was used to monitor the position of the AFM probe in relation to 
the sample.   
AFM/electrochemical experiments were performed in DC contact-constant force 
mode with a SiN probe so that the tip was electrically isolated from the sample.    Though 
the sample area exposed to the electrolyte was approximately 0.06 cm2, AFM images 
were limited to 50 µm x 50 µm.  The acquisition time for one frame was 640 s.  The first 
frame was always acquired at the OCC (no applied potential).  Potentiostatic control of 
the sample was initiated at subsequent frames.  A potential of -190 mV, SCE (~ Ecorr + 50 
mV) was applied to the sample.          
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4.2.8. Scanning Auger Microscopy 
 SAM was performed on as-polished and electrochemically corroded Zr50Cu40Al10 
and Zr50Cu33Al10Pd7 and on as-polished Vitreloy 105 using a Phi Model 680 Scanning 
Auger Nanoprobe with a primary electron beam of 20 kV, 10 nA, and a diameter of 15 
nm.    The base operating pressure of the system was 10-10 torr.  Survey spectra and 
sputter profiles were taken to elucidate differences in the surface as a function of 
composition and polarization treatment.  Atomic concentrations of elements were 
calculated using Auger signal intensities normalized with suitable instrumental sensitivity 
factors.   Sputtering was achieved using a 3.5 kV argon ion beam (vacuum pressure of 5 x 
10-9
 
torr) and was performed over a 2 mm by 2 mm area.  The sputter rate was 0.025 nm/s 
previously calibrated using a 100 nm Ta2O5 standard film.  In order to differentiate 
between oxide and metallic contributions in successive sputter cycles, a linear least 
squares method was performed on the Auger lineshapes of the constituent elements of the 
alloys.   
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Chapter 5. Results  
5.1. XRD, Thermal Analysis, and SAM 
 
 The diffraction patterns of Zr50Cu40Al10, Zr50Cu33Al10Pd7, and Vitreloy 105 are 
presented in Figure 19.  All three alloys exhibited broad peaks characteristic of 
amorphous materials.  Representative DSC and DTA thermograms are shown in Figure 
20 and Figure 21, respectively.  The Tg, Tx, and Tl of the three BMGs, as determined by 
DSC and DSC-TGA, are given in Table 1 along with their derived GFA parameters.  The 
Trg and γ parameters of the three BMGs were comparable.  Based on these parameters the 
GFA of the three alloys were similar.  However, the differences in the ∆Txg parameters of 
the BMGs were more pronounced.  The Zr50Cu30Al10 and Vitreloy 105 BMGs had the 
highest and lowest ∆Txg values, respectively.  Larger ∆Txg values are believed to coincide 
with increased GFA.   
 The SAM was used to characterize the as-polished surfaces of Zr50Cu40Al10 and 
Zr50Cu33Al10Pd7.  Sputter profiles of as-received Zr50Cu40Al10 and Zr50Cu33Al10Pd7 are 
presented in Figure 22 and Figure 23, respectively.  There was not a significant difference 
between the depth profiles of the two BMGs.  Both of the as-received alloys had 
significant oxygen concentrations at the surface.  The presence of metallic oxides on both 
alloys was verified by shifts in the Auger lineshapes of the metallic elements.   Gradual 
shifts in the peaks with subsequent sputtering corresponded to changes from metal-oxide 
bonding to metal-metal bonding.  Shifts were observed in the Zr (LMM) lineshape from 
1842 to 1847 eV and in the Al (LMM) lineshape from 1394 to 1400 eV.  These 
transitions indicated changes from Zr-O to Zr-Zr bonding and Al-O to Al-Al bonding.  
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Shifts were not detected for the Cu signal in either of the BMGs or for the Pd signal in 
the Zr50Cu33Al10Pd7 BMG.   
Auger maps of the as-polished surfaces Zr50Cu40Al10 and Vitreloy 105 were 
generated.     In Figure 24, the SEM image and the corresponding Auger maps of the as-
polished surface of Zr50Cu40Al10 are presented.  The line and other areas denoted on the 
SEM image were remnants of the carbon stain that was deposited on the surface as the 
sample sat in the chamber and the beam rastered the surface.  Sputtering of the surface 
removed much of the stain.  These areas were verified with the C Auger map.  The areas 
appear as dark regions in the Zr, Cu, and combined Auger maps.  C-rich regions 
demonstrate the resolution that could be observed if strong variations existed in the Zr, 
Cu, or Al maps.  Auger maps of Zr and Cu did not show any strong variations.  It was 
unclear from the Al map whether the map illustrated noise or Al-rich areas.  However, 
observation of the combined map did not support the presence of Al-rich areas and 
affirmed uniformity in composition.  In Figure 25, Auger combined maps of an as-
polished area of Vitreloy 105 are displayed.  These combined maps showed homogeneity 
in the composition as well. 
5.2. Electrochemical Results 
5.2.1.  Polarization Behavior of Zr50Cu40Al10 
 The anodic-polarization curves of Zr50Cu40Al10 in 0.6 and 0.1 M NaCl electrolytes 
are shown in Figure 26 and Figure 27, respectively.  Polarization behaviors of 
Zr50Cu40Al10 in both electrolytes were similar.  The anodic behaviors were bilinear with 
the final slopes (m2) being less steep than the initial slopes (m1).  The decrease in slope 
signified that with increasing potential a smaller driving force was needed to induce 
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corrosion.  Though m1 was greater relative to m2, it is unlikely that m1 represents a 
passive region due to its low value.  This point will be addressed in more detail in the 
following section.  Table 2 provides a summary of the mean values of the pertinent 
corrosion parameters.  The mean Ecorr and m1 values of Zr50Cu40Al10 in 0.1 M NaCl were 
higher than those from 0.6 M NaCl.  The greater mean m1 value indicated a larger driving 
potential was needed to increase the current in 0.1 M NaCl.  The corrosion rate of the 
BMG
 
was lower in 0.1 M NaCl.      
5.2.1.1.  In situ polarization behavior of  Zr50Cu40Al10 
A polarization curve generated for the Zr50Cu40Al10 BMG with the in-situ setup 
(0.6 M NaCl) is shown in Figure 28.  At -453 mV, SCE, there is a change in the slope.  
Further increasing of the applied potential revealed that the anodic curve was dominated 
by a region of almost constant current density.  Dark-field microscopy images captured 
during the polarization experiment (Figure 29a-d) provided a means to directly observe 
the surface.  The starting time (t = 0 s) marks the commencement of the polarization 
experiment.  The images shown correspond to the times and potentials denoted on the 
polarization curve.    Figure 29a illustrates no observable changes in the surface when an 
initial cathodic potential, -560 mV, SCE, was applied.  The image of the surface at Ecorr, -
512 mV, SCE, (Figure 29b) reveals that Zr50Cu40Al10 was susceptible to pitting corrosion 
at open-circuit conditions with a pit  of 15 µm in length being resolved (t  = 271 s).  
Therefore, for the Zr50Cu40Al10 BMG, Ecorr is greater than or equal to Epit (Epit –Ecorr < 0).  
Further increases in the potential induced the nucleation of more pits on the surface 
(Figure 29c and d).  At the end of the experiment, the surface was covered with a black 
corrosion product.  Since pits were evident at Ecorr, the initial slope (m1), mentioned in the 
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previous section, did not correspond to passivity.  In addition, the region of almost 
constant current density present in Figure 28 can be explained by increased domination of 
concentration polarization (diffusion controlled polarization) rather than by passivity.     
It was first unclear whether the concentration polarization was characteristic 
behavior of Zr50Cu40Al10 in 0.6 M NaCl at higher potentials or a consequence of the small 
amount of testing electrolyte due to the size constraints of the in-situ setup.  This point 
was considered since limiting current densities, id, (other than passive current densities) 
are not usually significant for anodic-oxidation processes [108, 119].  To elucidate the 
observations, the curve from the present study was compared to a curve generated during 
an aerated polarization experiment of Zr50Cu40Al10 conducted in a bulk (~ 2000 mL) 0.6 
M NaCl electrolyte (gray curve in Figure 28).   The comparison polarization curve also 
exhibited a concentration polarization region indicating that diffusion-controlled 
polarization was characteristic of the BMG.  Concentration polarization dominance was 
probably a consequence of metal ions passing into solution faster than they could diffuse 
away from the metal/solution interface.   
The same curves shown in Figure 28 are displayed in Figure 30 over a shorter 
potential range.  The bulk curve demonstrated the change in slope (from m1 to m2) 
(defined in Figure 26) at -463 mV, SCE.  At -453 mV, SCE, the curve generated in-situ 
exhibits a change in slope; however, the m2 slope region was dominated by the onset of 
diffusion polarization.  The id was lower (2 x 10-4 A/cm2) than that of the curve generated 
in the bulk volume of solution (0.03 A/cm2).  The solution volume influences the id in 
that a larger electrolyte volume allows metal ions to migrate more readily from the 
metal/solution interface bringing about a larger id.   
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5.2.2 Polarization Behavior of Zr50Cu33Al10Pd7 
The polarization behavior of Zr50Cu33Al10Pd7 in 0.6 M NaCl is shown in Figure 
31.  
 
It is evident from the curves that the anodic behavior varied considerably.   Some of 
the curves exhibited a slight change in slope similar to that observed in the polarization 
behavior of Zr50Cu40Al10.  This change was not as consistent or pronounced.  In general, 
initial slopes (m1) were shallow suggesting that the alloy offered little resistance to 
corrosion.  Pits were observed on the surface after all of the polarization experiments.  In 
some cases, pits (that were visible to the eye) formed on the surface at open-circuit 
conditions.  Figure 32 is a plot of the open-circuit potential versus time.  Oscillations in 
the potential were observed,  which is typically associated with pit initiation and 
repassivation [108].  The open-circuit potential did not readily stabilize.  Summary of the 
corrosion parameters are given in Table 3.      
5.2.3 Polarization Behavior of Vitreloy 105 
 Figure 33 - Figure 36 are plots of the anodic-polarization behavior of Vitreloy 105 
in  electrolytes with varying chloride concentrations.  In the 0.6, 0.3, 0.1 M NaCl 
electrolytes, the polarization behaviors of Vitreloy 105 exhibited similar trends.  After the 
software scanned through Ecorr, the curves exhibited passive regions.  Eventually, the 
curves illustrated sharp rises in the current corresponding to the breakdown of the passive 
film and the formation of pits.  After the plateau, a region where the polarization was 
diffusion controlled dominated (shown in Figure 32).    Figure 37 - Figure 41 illustrate 
the effect of the chloride concentration on the corrosion parameters.  The error bars 
correspond to 95% confidence intervals.  Lower confidence intervals were omitted when 
the lower bound value had no physical meaning (for instance, negative values of ip, icorr, 
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and CPR).  The passive current density, ip, was defined as the current density that 
corresponded to the midpoint potential between Ecorr and Epit.   Lowering the chloride ion 
concentration had the most definitive effect on the mean values ip, icorr, and CPR.  These 
parameters decreased with the chloride concentration.  Thus, decreasing the chloride 
concentration shifted the polarization curves to lower current densities.  The 
relationships, however, between the chloride concentration and Ecorr and Epit – Ecorr were 
more complicated.  The highest (-252 mV, SCE) and lowest (-282 mV, SCE) mean 
values of Ecorr corresponded to chloride concentrations of 0.6 and 0.3 M, respectively.  As 
expected, alloys tested in 0.6 M NaCl were found to be the most vulnerable to pitting 
corrosion, as demonstrated by having the lowest mean Epit – Ecorr (265 mV).  On average, 
experiments in the intermediate chloride environment (0.3 M) proved to be most resistant 
to localized corrosion (Epit – Ecorr = 554 mV).  It is worth noting that this average Epit – 
Ecorr was strongly influenced by scan 4, which had a Epit – Ecorr value of 1484 mV.  As 
demonstrated in Figure 38, the value is well outside of the upper confidence interval.   It 
was not excluded because there was no experimental reason that supported dismissing the 
experiment. However, the mean calculated (367 mV) without the outlier was still greater 
than the average Epit – Ecorr value for a chloride concentration of 0.6 M but only slightly 
greater than the mean value for a chloride concentration of 0.1 M (348 mV).   
5.2.4. Polarization Behavior of Laser-treated Vitreloy 105 
 The samples used for these experiments were surfaces parallel to the long axes of 
the ingots.  This was done to ensure a large enough area to allow the laser beam to be 
positioned at the center of the sample.  However, in the longitudinal direction, “swirl” 
patterns were visible to the eye.  Optical micrographs (Figure 42) show these regions. 
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The purpose of the laser treatment was to induce crystallinity (i.e., to cause 
heterogeneities).  The laser treated sample also had these intrinsic inhomogeneities.  
Since the samples already had regions of inhomogeneity, i.e. swirls, only one laser 
treated sample was tested.  The polarization curves of are shown in Figure 43.  
Surprisingly, none of the samples were susceptible to localized corrosion for the potential 
range tested.  Due to the significant difference between scan 1 and 2, the third experiment 
was performed on the same sample that was used in scan 2 in order to check 
reproducibility.    The laser treated sample (scan 4) actually was polarized to 1600 mV 
without pit initiation.  The mean CPR for the experiments was 30 µm/yr. 
5.2.5. Electrochemical-AFM Results 
 Some of the resulting AFM topographic images that were acquired while a 
potential of -190 mV, SCE was applied to the surface are shown in Figure 44.  The area 
that was exposed to the electrolyte (2 mm by 3 mm) was chosen because inhomogeneities 
(the spiral features) were visible to the eye.  Only an area 50 µm by 50 µm was probed by 
the AFM.  Figure 44a is the topographical map of the surface while in the electrolyte 
without a potential being applied.  Approximately 21 minutes elapsed between each 
image shown.  In Figure 44a, the frame acquired at open-circuit conditions show areas of 
considerably higher topography.  At first, the overall height of the surface increased as 
the potential was applied.  However, there was then a decrease in surface height.  This 
fact is clearly conveyed in the profiles shown in Figure 45.  The path of the profile is 
denoted by the dashed line marked on Figure 44a.   The profiles increase in height up to 
profile t7, which was shown to be lower than t5.  Examination of profile t6 (not shown) 
revealed that it was lower than t5 but greater than t7.  Therefore, a decrease in topography 
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occurs after frame 5.  The profile associated with the final frame, t8, increased and was 
comparable to profile t5.  In this experiment, pit initiation was not captured in the probed 
area.  The OM, however, did capture pitting of areas of the surface that were not probed 
by the AFM.   Pits were visible on the surface after the potential had been applied for 37 
minutes.   
5.2.6. Polarization behavior of Crystalline Constituents 
 For comparison, the polarization behaviors of the crystalline constituents of 
Zr50Cu40Al10, and Vitreloy 105 were investigated.  Representative polarization curves of 
Zr, Cu, Al, Ni, and Ti that were generated in 0.6 M NaCl are shown in Figure 46 and 
Figure 47.   Ti exhibited good passivation with a ip of about 2 x 10-6 A cm-2.  The surface 
of Ti was passivated up to 1600 mV, SCE, and breakdown did not occur.  Zr, Al, and Ni 
were susceptible to localized corrosion in 0.6 M NaCl with Zr exhibiting a higher 
resistance to localized corrosion.   Zr was passivated at Ecorr; however, subsequent 
increases in the potential resulted in pitting corrosion at 194 mV, SCE. Al exhibited an 
Ecorr value significantly lower than the other elements but like Zr was passivated at open-
circuit conditions.  Breakdown of the passive film eventually occurred at -759 mV, SCE.  
Ni did not exhibit a clear defined passive region; however, pits were observed on the 
surface after polarization.  Thus, the pitting potential is either less than or equal to Ecorr.   
The representative polarization curve of Cu had a similar shape to that of Ni.  
Nevertheless, pits were not observed on the surface of Cu after the polarization 
experiment.  The surface was degraded by general corrosion (that is, uniform corrosion of 
the surface).  A light green corrosion product covered the surface of Cu after the 
experiment.   
 41 
 
5.3. Surface Examination (OM, SEM, SAM, and XRD) of Corroded Surfaces  
5.3.1. Zr50Cu40Al10 
Figure 48 is a scanning electron microscopy (SEM) image of the corroded region 
on the surface of Zr50Cu40Al10.  The localized attack occurred in the vicinity of the 
insulating enamel/sample interface at open-circuit conditions (that is, without applying a 
potential) in a 0.6 M NaCl electrolyte.  Figure 49 shows the perimeter of the corroded 
region at a higher magnification.  In general, the corroded area had a rough and “cracked” 
appearance.  Pits had an irregular shape rather than the more common hemispherical 
morphology.  The localized corrosion was associated with a dendritic structure (denoted 
with circles).  Some of the dendrites seemed to be raised from the surface.   Protrusions 
were observed from some pits.  SEM images of the surface of Zr50Cu40Al10 after 
polarization experiment in a 0.1 M NaCl electrolyte are shown in Figure 50 and Figure 
51.  There are features similar to those seen in Figure 49.  However, the extent of the 
corrosion was more severe since the sample was potentiostaically controlled.  Figure 50 
illustrates light particles and irregular pits on the surface.  Some features on the surface of 
seemed to be raised.  However, from Figure 50a it is unclear whether the raised area is on 
something that is on top of the surface.   Figure 50b is a higher magnification SEM image 
of the surface.  In this micrograph, an area of higher topography due to the build up of 
particles underneath the surface is shown.  These particles were also observed on top of 
the surface.  The cracked regions detected on the surface may be a result stresses from 
corrosion products forming under the surface.  Protrusions from of pitted areas were also 
observed on the surface (Figure 51).   
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Some portions of the surface were almost completely covered by the particles 
(Figure 52a).  Examination of Figure 52a revealed three distinct regions (or layers) on the 
corrosion surface.  Energy dispersive x-ray spectroscopy (EDS) analyses were performed 
on the three layers.  The blue rectangle (layer 1) was the original surface.  This 
conclusion seemed reasonable since the original grinding marks were apparent.  The red 
rectangle (layer 2) corresponds to an area with many particles.  Layer 3 denoted by the 
green rectangle was the layer atop the as-polished surface.  This layer was probably the 
same as the elevated structure observed in Figure 50a.  It is clear that the elevation is due 
to something that grew on the surface (rather than underneath it).   According to the EDS 
results, the region within the green rectangle had much higher levels of oxygen than the 
other two regions and is probably a zirconium oxide.  When the atomic concentration for 
the region in the blue rectangle was calculated ignoring the oxygen, the atomic 
percentages of Zr, Cu, and Al were 51, 39, and 10, respectively.  The same analysis was 
performed on the region in the red rectangle and resulted in atomic percentages of Zr, Cu, 
and Al of 49, 43, and 8, respectively.    Visibility of grind marks and the close agreement 
with the nominal composition support that the area within the blue rectangle is the as-
polished surface.  The composition of the light particles is also close to the nominal 
composition.   However, it is unlikely they were particles broken off from the original as-
polished surface especially since in Figure 50b they were observed coming out from 
beneath the original surface.  The particles are also seen growing underneath the oxide 
later (red arrow).         
A SEM image of a highly pitted region on Zr50Cu40Al10 is provided in Figure 53 
(top left).  SAM was used to examine to the sample after it had been polarized in an 
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aerated 0.6 M NaCl electrolyte to approximately 300 mV, SCE.  Figure 53 (top right) 
shows the corresponding color-combined Auger map for the area presented in the 
micrograph.  The map shows Cu (red), O (green), and Cl (blue) and was compiled prior 
to sputtering.  The color map and the grey scale map (bottom of Figure 53) illustrate an 
enrichment of Cu and depletion of Zr within pits when compared to the bulk surface.  
Pitted areas on the color map are purple indicating that they are associated with Cu and 
Cl.  Auger spot analysis revealed areas highly enriched with Cu and Cl were depleted in 
Al. 
Auger analysis was also performed on the corroded surface of Zr50Cu40Al10 
subsequent to sputter etching.  Auger maps (Figure 54) were obtained of C, O, Cu, Zr, 
and Cl.  Carbon signals were low in most areas illustrating that sputtering removed the 
majority of the surface impurities.  Oxygen was not associated with the flat surface, but 
Cu and Zr were observed in this region.  Thus, the sputter etching was able to remove the 
oxide over the flat (non-pitted) areas and uncover the bulk composition.  The heavily 
corroded portion, however, was depleted of Zr and enriched with Cu and O.  The oxide 
over the corroded region seems to be an effect of the corrosion process and different from 
the oxide which previously covered the flat regions.  However, within this region, areas 
that exhibited very high concentrations of Cu (very bright areas) were depleted in O and 
Cl.   
 Auger spectroscopy provides limited information about chemical species; 
therefore, x-ray diffraction was performed on Zr50Cu40Al10 two electrochemically treated 
samples.  One sample was polarized in a 0.1 M NaCl electrolyte to a maximum anodic 
potential of -377 mV, SCE.  The other sample was polarized to an anodic potential of 300 
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mV, SCE in a 0.6 M NaCl electrolyte.  The XRD plots of polarized Zr50Cu40Al10 samples 
(both mounted in epoxy) are presented in Figure 55.  At 20o, the amorphous peaks 
observed are due to the epoxy mounts.  The pattern of the less aggressive electrochemical 
treatment (polarized to -377 mV) revealed no effects of polarization even though particles 
were observed on the corroded surface (Figure 52).  However, the diffraction pattern of 
the sample polarized to 300 mV, SCE displayed peaks that verified the presence of 
crystalline Cu on the corroded surface.   
5.3.2. Zr50Cu33Al10Pd7 
Figure 56 is a SEM photomicrograph of the corroded surface of Zr50Cu33Al10Pd7 
after being exposed to a 0.3 M NaCl electrolyte.  A magnified view of the area outlined 
in Figure 56 is shown in Figure 57a.  Figure 57b reveals 3 distinct regions that were 
similar to the regions identified on corroded Zr50Cu40Al10 samples (Figure 52a).  The first 
region (layer 1) is the original polished surface as evidenced by the grinding features.    
The layer directly above the original surface is designated as layer 2.  This region is 
characterized by a rough cracked appearance.  In addition, particles are beneath the 
surface of layer 2.  The third region (layer 3) seemed to have broken off from the top of 
layer 2.  Figure 58a illustrates an area of severe localized corrosion.  The magnified view 
of the area outlined by the purple rectangle presented in Figure 58b provided more detail 
of layers 1 and 2.   Layer 1 had a definite dendritic pattern.  EDS analyses of layers 1 and 
2 are summarized in Figure 59.  Again, the chemistry of layer 1 is similar to the nominal 
composition while layer 2 has high concentrations of O, Zr, and Cu.  Figure 60 is an 
optical micrograph of a severely corroded area.  The micrograph contained three colors 
(rust, green, and white) which may be related the layers that were mentioned previously.  
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Also, channels in the micrograph are characteristic of localized corrosion due to exposure 
to chloride ions.   
Figure 61 shows a small pit on the surface of the Zr50Cu33Al10Pd7 BMG that had 
been polarized in a 0.6 M NaCl electrolyte.  The polarization experiment performed on 
this particular Zr50Cu33Al10Pd7 sample was aborted prematurely (-274 mV, SCE), that is, 
before the limiting diffusion current region.  This was done so that the surface would not 
be heavily corroded, and pits could be investigated in their early stages.  The numbers in 
Figure 61 correspond to points where survey spectra were taken (prior to sputtering).  
Concentrations from the survey spectra are presented in the Table 4.  The data shows that 
points within the pit (positions 1, 2, and 3) were depleted in Zr and Al when compared to 
the surface (position 4).  In addition, Cl was not detected on the surface but was heavily 
concentrated in the pit. Palladium was not observed on the surface but was observed in 
the pit.    Most importantly, the Auger data reveals the presence of compound containing 
Cu and Cl (position 3).   Positions 1 and 3 showed small amounts of Na.  The high Cl to 
Na ratio makes it unlikely that the chlorine is due to NaCl crystals.  Auger maps of the pit 
shown in Figure 61 are presented in Figure 62.  The Auger maps highlight the findings of 
the position survey spectra.   
5.3.3. Vitreloy 105  
SEM was used to examine the surface of a cross-sectional sample of Vitreloy 105 
after an experiment was aborted less than 5 mV after Epit.  Figure 63a is a 
photomicrograph of the pit on the surface of Vitreloy 105.  The center of the pit has a 
“sponge-like”/porous morphology that is different from the smooth appearance of the 
bottom of the pit.  EDS analyses of the area within in the pit (yellow rectangle) and an 
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area on the surface (blue rectangle) are presented in Figure 63b.  The composition of the 
surface was more consistent with the nominal composition of Vitreloy 105.  However, 
the analysis of the porous area within the pit revealed the area was mainly Cu and O.     
Figure 64 is a micrograph of a cluster of pits emphasizing changes in the pit morphology.  
The bottom of some of the corrosion pits had a smoother appearance (red rectangle).  
EDS analyses (Figure 65 and Figure 66) were performed on these areas and compared to 
the elemental analysis of the sponge-like morphology.    The results reveal that the 
chemistry within corrosion pits varied.  There was significant difference between the 
chemical makeup of the bottom of the pit (smoother region) when compared to the 
sponge-like/porous region.  The smoother areas were in closer agreement with the 
nominal composition of Vitreloy 105.  Charging around the pits is from the oxide layer 
associated with the surface. Furthermore, the EDS analysis was performed on the bright 
area outlined by the white rectangle in Figure 64.  Like the porous region, the bright area 
was predominately Cu and O, but the ratio of Cu to O was lower.         
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Chapter 6: Discussion 
6.1. Discussion of the Polarization Behavior of Zr50Cu40Al10, Zr50Cu33Al10Pd7, 
Vitreloy 105, and the Crystalline Metals 
 Little difference was observed between the polarization behaviors of the 
Zr50Cu40Al10 and Zr50Cu33Al10Pd7 BMGs in the NaCl electrolytes.    Each alloy exhibited 
poor anodic-polarization behavior with small increases in the applied potential yielding 
large increases in the current density.  In all experiments, Zr50Cu40Al10 was susceptible to 
localized corrosion at open-circuit conditions.  This means that the natural potentials 
established by the BMG in the electrolytes were sufficient to overcome the threshold for 
pitting (that is Ecorr ≥ Epit).   Zr50Cu33Al10Pd7 was vulnerable to localized attack at open-
circuit conditions in most cases.  Passive film formation was not enhanced by the anodic 
polarization of either Zr50Cu40Al10 or Zr50Cu33Al10Pd7 in any of the NaCl electrolytes.  
However, intrinsic oxide layers, mainly Zr and Al, on Zr50Cu40Al10 and Zr50Cu33Al10Pd7 
were observed with AES depth profiling on as-polished samples.  The predominance of 
Zr and Al in the oxide layers can be explained by the low standard free energies of 
formation of ZrO2 and Al2O3.  Table 5 gives the standard Gibbs free energies of 
formation for several oxides [120, 121].  It has been reported elsewhere that the oxide 
films of Zr-based BMGs are mainly ZrO2 and Al2O3 [122].   
Though the behaviors of Zr50Cu40Al10 and Zr50Cu33Al10Pd7 were similar, the 
polarization curves of Zr50Cu33Al10Pd7 illustrated significant variation while those of 
Zr50Cu40Al10 were more consistent.  The mean Ecorr of Zr50Cu33Al10Pd7 (-326 mV, SCE) 
was more noble than that of Zr50Cu40Al10 (-518 mV, SCE); however, this detail did not 
translate into increased corrosion resistance.  The initial slopes of the polarization curves 
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of Zr50Cu40Al10 tended to be greater than those of Zr50Cu33Al10Pd7.  Therefore, compared 
to Zr50Cu33Al10Pd7, Zr50Cu40Al10 was marginally more resistant to corrosion when the 
potential was increased, which agrees with the study asserting the negative effect of Pd 
additions [95, 96] on the polarization behavior.    Decreasing the chloride concentration 
from 0.6 to 0.1 M did not significantly alter the localized corrosion behavior of 
Zr50Cu40Al10 (that is, pitting still occurred at Ecorr).  This point was surprising since 
decreasing the chloride concentration tends to make the electrolyte less aggressive.   
 The polarization behavior of Vitreloy 105 showed great improvement over the 
behaviors of Zr50Cu33Al10Pd7 and Zr50Cu40Al10.  Even in the most aggressive electrolyte, 
the cross-sectional samples of Vitreloy 105 exhibited passive behavior at Ecorr and 
remained passivated as the potential was increased.  Eventually, breakdown of the 
passive film occurred.  The Vitreloy 105 samples with the “swirl” regions (the 
longitudinal samples), had localized corrosion resistance that was far superior to the 
cross-sectional samples.  The longitudinal samples did not pit up to polarization of 300 
mV, SCE.  Note at 300 mV, SCE, cross-sectional samples of Vitreloy 105 exhibited a 
current density on the order of 0.1 A/cm2.  At this potential, the longitudinal samples with 
the worst corrosion resistance (scans 2 and 3) exhibited a current density four magnitudes 
lower (~ 10-3 A/cm2) than the cross-sectional samples.  However, the mean corrosion rate 
of the longitudinal samples was comparable to that of the cross-sectional samples (30 and 
27 um/y, respectively). The superior resistance to localized corrosion of the longitudinal 
samples of Vitreloy 105 was unexpected since the presence of inclusions was thought 
increase the likelihood for pitting corrosion.  These findings illustrate that 
inhomogeneities do not necessarily result in susceptibility to localized corrosion.  The 
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Auger maps of Vitreloy 105 did not reveal any chemically distinct regions.  However, 
these experiments were performed on the cross-section of the ingot.     At this time the 
chemistry of these inhomogeneities are not known.  These regions are believed to be 
crystalline inclusions [27]; however, XRD patterns of the surfaces that contained the 
inclusions did not reveal any crystalline peaks.  This discrepancy could be a consequence 
of inadequate instrument sensitivity.  Regardless of the nature of the inclusions, they led 
to the increased the effectiveness of the passive film.  The AFM results illustrating a 
growth, reduction, and growth on the surface may be related to the behavior of the 
passive film.  The decrease in the surface topography occurred almost an entire frame 
(~11 minutes) after pits became visible with OM.  Thus, the increases and decreases in 
the surface topography could be related to substantial pit formation and repassivation. 
 A comparison of the polarization curves of the BMGs with the curves of the 
crystalline elements provides some explanation for the difference between Vitreloy 105 
(both the cross-sectional and longitudinal samples) and the other BMGs.1  Ti and its 
alloys are widely recognized as resistant to localized corrosion due to the formation of a 
tenacious TiO2 film.  The effectiveness of the passive film was exemplified by titanium’s 
polarization curve shown in Figure 47.  Even after polarization to 1600 mV, SCE local 
breakdown of the oxide did not occur.   The superior polarization behavior of Vitreloy 
105 (compared to Zr50Cu33Al10Pd7 and Zr50Cu40Al10) is attributed to the oxide forming 
ability of Ti.  This may explain why Pd, which is less likely to form an oxide (Table 5), 
was not more beneficial to the localized corrosion resistance.   The superior localized 
                                                 
1
  A caveat is warranted since the polarization behaviors of uncoupled elements are compared to BMGs that 
contains those elements.  The thermodynamic parameters that influence the properties of these elements 
are subject to change when surrounded by atoms of another element.   In addition, the structure 
difference (crystalline versus amorphous) might also lead to changes.  However, the difficulty in 
producing amorphous samples of only one element requires the consideration of crystalline elements.  
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resistance of Vitreloy 105 was ascribed to Ti and not to Ni.   The Zr50Cu30Al10Ni10 BMG 
did show a small passive region when polarized in a 0.6 M NaCl electrolyte [123] (Figure 
8).  However, it still markedly less resistant to localized corrosion than Vitreloy 105.     
6.2. Discussion of the Corroded Surfaces of Zr50Cu40Al10, Zr50Cu33Al10Pd7, and 
Vitreloy 105 
 Analysis of the corroded surfaces of Zr50Cu40Al10 and Zr50Cu33Al10Pd7 revealed 
the existence of similar features.  The exposure of both BMGs to NaCl solutions results 
in the growth of a substance on the surface.   In Figure 52a and Figure 57b, the areas 
labeled layers 2 and 3 correspond to a corrosion product that developed on the surface.  
Examination of SEM micrographs suggests that layer 3 is actually on top of layer 2.   
Two possible explanations for the exposure of layer 2 is (1) the growth of the substance 
was incomplete or (2) something caused a portion of layer 3 to become unattached 
leaving layer 2 exposed (see Figure 57b).  Though there is evidence that layer 2 is apart 
of layer 3, EDS analysis uncovered differences in the chemical makeup.  Both layers had 
considerable amounts of O.  However, the O to Zr ratio on layer 3 was almost two times 
higher than that on layer 2 (Figure 52a).   
Additional examination of the corroded surface provided evidence that the 
corrosion behavior of both BMGs was influenced by the presence of crystalline 
inclusions.   Figure 49 and Figure 58b illustrate that the corrosion product developed in a 
way in which the exposed areas had a dendritic shape.  The exposed area was found to be 
the as-polished surfaces evidenced by the grinding features and EDS analysis.  After 
Zr50Cu40Al10 was polarized, little of the as-polished surface was visible.  The surface was 
almost entirely covered by layer 2 or layer 3 (Figure 52a).  The as-polished surface (layer 
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1) was only visible in areas where the corrosion product served as a barrier.   Though the 
corrosion product did preserve some areas of the as-polished surface, it did not have a 
significant effect on the polarization curve.  That is, the growth of the product did not 
yield a region of decreased current density (small increases in potential still resulted in 
large increases in the current density).   Areas of localized attack had an irregular, 
cracked appearance and were similar in shape to the dendritic structures shown in Figure 
49.  These areas of attack seemed to have been areas where the as-polished surface was 
previously exposed.  The cracked appearance was a consequence of the formation of 
corrosion products underneath the surface (Figure 50b and Figure 51).  This type of 
process is referred to as exfoliation corrosion and is most common to Al alloys.   
In general, the morphology of corroded surfaces of Zr50Cu40Al10 and 
Zr50Cu33Al10Pd7 were similar.  However, the Zr50Cu33Al10Pd7 sample that was polarized 
to -274 mV, SCE (Figure 61), did not have the same features described previously (layers 
2 and 3 and the dendritic structure).  The localized attacked was not irregular but rather 
hemispherical in shape.  The difference in morphology of the corroded samples can be 
attributed to the varying the polarization behavior of Zr50Cu33Al10Pd7.   
The localized attack on Vitreloy 105 (the cross-sectional samples) was markedly 
different from the attack seen on Zr50Cu40Al10 and Zr50Cu33Al10Pd7.  There was not any 
sign of corrosion products that had grown on the surface during the corrosion process.  
Corrosion pits had a hemispherical shape.  The edges of the pits were defined and 
smooth.  Within some pits there was a sponge-like morphology and other regions of the 
pit had smoother appearance.  No microstructural features, such as crystalline inclusions, 
were observed in the vicinity of pits after the sample was polarized to Epit.    
 52 
 
6.3. Discussion of the Chemical Character of the Corroded Surfaces of 
Zr50Cu40Al10, Zr50Cu33Al10Pd7, and Vitreloy 105 
Though the electrochemical experiment that preceded the SAM examination of 
Zr50Cu33Al10Pd7 was less aggressive than the treatment that proceeded Zr50Cu40Al10 
similar trends were seen in the chemical analyses.  In general, the corroded areas of both 
BMGs were enriched in Cu and Cl and depleted in Zr.  Also, high levels of oxygen were 
associated with areas of attack.    The heavily corroded area shown in Figure 54  had a 
high O concentration, even though the surface had been sputter etched.  Interestingly, 
there were areas within this region that had high concentrations of Cu but low 
concentration of O and Cl.  This suggested that the corroded region may have contained 
two compounds: (1) a copper oxide and (2) a copper chloride.  The extremely bright areas 
on the Cu Auger maps within the corroded areas did not seem to be related to either of 
the possible compounds.  It is believed that these areas are connected to the crystalline Cu 
peaks that were identified in the diffraction pattern shown in Figure 55.  This finding 
supported the observation that there was Cu present that was not associated with a 
compound.  No peaks corresponding to an oxide or chloride were present.  In addition, it 
was clear that the crystalline Cu detected was only related to the more aggressive 
electrochemical treatment since the peaks were not observed when   Zr50Cu40Al10 was 
polarized to -377 mV, SCE.  However, it should be noted that the less aggressive 
electrochemical treatment was performed in 0.1 M NaCl rather than 0.6M.  This 
difference is not believed to be significant since the corrosion behavior in both 
electrolytes was so similar.        
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The EDS analysis of corrosion pits on Vitreloy 105 also had heighted levels of Cu 
and O when compared to the surface.  No significant amount of Cl was observed within 
the pits.  The chemical makeup was found to be varied within the pit.  The 
porous/honeycomb morphology was almost exclusively Cu (Figure 63).  However, the 
smoother parts of the pits (for instance, the bottom) had a chemical makeup more similar 
to the nominal composition (Figure 64 and Figure 65).   
6.4. Proposed Pitting Mechanisms 
6.4.1. Zr50Cu40Al10  
 Exposure of the Zr50Cu40Al10 surface to the NaCl electrolyte causes the growth of 
a corrosion product (an oxide) over certain areas of the surface.  More than likely the 
oxide was primarily ZrO2  since it is the most stable zirconium oxide [120].  It is unclear 
the reason that the oxide grows on some areas and not others.  Undoubtedly, it is related 
to crystalline inclusions since the areas not covered have the shape of dendrites.  It is 
possible that areas over which the oxide grew had a composition that was different from 
the nominal composition.    Nevertheless, the presence of both the bare alloy and the 
oxide caused a galvanic electrode effect.    The oxide layer was a sufficient electron 
conductor to support the reduction of dissolved oxygen 
                                                  7 + 2H2O +4 → 47;        (5.1) 
The reaction above is the dominant cathodic reaction that occurs in aerated near-neutral 
electrolytes.  Areas where the as-polished surface was exposed were anodic in relation to 
the oxide meaning the potential over these areas were higher.  Current travels from the 
anodic regions to the cathodic regions, since current flows from a higher potential site to 
a lower potential site.  A schematic of the galvanic electrode effect is shown in Figure 67.  
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This is the same effect that results in the preferential attack of bare steel when the other 
areas of the alloy are covered with the black magnetite oxide [108].  The governing 
reactions at the anodic sites are oxidation reactions.    At the anodic sites the oxidation 
reactions were probably  
                                                            Zr →  Zr4++4e               (5.2) 
     Al →  Al3++3e                                                    (5.3) 
due to the lower standard electrode potentials of Zr and Al when compared to Cu (Table 
6) [124].  This assertion is strengthened when the minimum potentials of the experiments 
are considered (approximately -520 mV, SCE).   Since this potential was greater than the 
standard potentials, net oxidation (loss of electrons) occurred.    The preferential 
dissolution of certain areas would have resulted in occluded areas (pits) with heightened 
concentration of Zr4+ and Al3+ ions, which in turn would encourage the migration of Cl- 
ions to the pits.  It is likely that the Zr4+ will tend to hydrolyze by the following reaction 
                                             Zr4+ + H2O →  @AB(7)EF +                                    (5.4) 
owing to its negative pKeq [- log (equilibrium constant)] of -4.0 [125].  The Zr4+ ions can 
reduce the pH within the pit.  The importance of the acidification of the Cu enriched pit 
becomes clear when the potential-pH equilibrium diagram for the Cu-Cl-H2O system 
with a chloride ion concentration of 35,500 ppm (0.6 M) is considered (Figure 68).2  
According to the diagram, in acidic conditions a CuCl-2 complex will form and at higher 
potentials CuCl, cuprous chloride, is stable.  As the potential of the experiments was 
increased, the formation of CuCl within areas of local attack occurred.  The high levels of 
                                                 
2
  The potential on the potential-pH equilibrium shown in Figure 68  is relative to the hydrogen reference    
electrode.  The standard calomel electrode (SCE) is +241 mV relative to the hydrogen reference 
electrode. 
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Cu and Cl experimental observed are attributed to this highly insoluble compound.  
According to Figure 68, CuCl is stable at pH values less than 6, but in the presence of 
neutral water it tends to be hydrolyzed by the reaction below 
   CuCl + H2O →  Cu2O + 2Cl-+ 2H+                                          (5.5) 
This reaction is reflected by Line 51 on the potential-pH diagram.  With the large amount 
of neutral bulk solution available, the hydrolysis of CuCl is reasonable. The reaction 
above provides one explanation of the high concentrations of Cu, Cl, O that were 
observed with SAM.   
Though the outlined reactions initiate within the pit, they result in autocatalytic 
processes that eventually cause the deterioration of the entire surface.  A higher potentials 
(pH≈7) the phase thermodynamically predicted for the Cu-Cl-H2O system was the 
3Cu(OH)2 CuCl2 compound.  However, at a pH of about 7.5, this phase is in equilibrium 
with CuO. 
                 3Cu(OH)2∙CuCl2 =  4CuO + 2Cl-+ 2H++H2O         (5.6) 
After polarization to 300 mV, the surface was covered with a very dark corrosion 
product.  Reaction 5.6 is reasonable since CuO is a black oxide, and it provides a possible 
explanation for the high amounts of Cu, Cl, and O that were observed by SAM.  When 
polarization was completed, any Cu ions or complexes in the solution would deposit on 
the surface since they would no longer be stable (potential = Ecorr).   The deposition of Cu 
on the corroded surface was supported by the crystalline Cu peaks that were observed in 
the diffraction pattern of a corroded Zr50Cu40Al10 sample.  This crystalline Cu was 
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probably the bright areas in the Cu Auger map in Figure 54 that were not associated with 
O or Cl.   
6.4.2. Zr50Cu33Al10Pd7  
In general, the observed corrosion behavior of Zr50Cu33Al10Pd7  was very similar 
to that of Zr50Cu40Al10.   Zr50Cu33Al10Pd7 also formed an oxide corrosion product on the 
surface after exposure to NaCl.  And like Zr50Cu40Al10, the oxide grew so that the 
exposed as-polished areas were in the shape of dendrites.     Due to these similarities, it is 
assumed that the mechanism described above for Zr50Cu40Al10 can also be applied to 
Zr50Cu33Al10Pd7. 
However, one sample when examined did not exhibit the extensive growth of a 
corrosion product on the surface.  The sample showed signs of localized corrosion; 
however, the pits had the conventional hemispherical shape.  Taking into account the 
variation in the polarization curves, the observation of two different corrosion 
morphologies was not surprising.   The difference in the corrosion morphologies may be 
related to the presence or absence of a dendritic structure.  Growth of the oxide product 
on the Zr50Cu33Al10Pd7 seemed to relate to a dendritic pattern.  This type of pattern was 
not observed on the corroded surfaces of the sample with the hemispherical pit 
morphology.      
In the case of the sample with the more conventional pit morphology, the pit 
initiation is assumed to have occurred at weak spots and/or defects in the air formed film.  
The perimeter of the pit clearly shows the presence of a film.  Obviously, the air-formed 
film was not successful in protecting the surface from localized corrosion as evidenced 
by the poor polarization behavior of the alloy.  Pit initiation is believed to occur at weak 
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spots and/or defects in the film.  This is a common belief and is why pit initiation is 
commonly treated as a stochastic process.  
  
SAM revealed that the hemispherical 
corrosion pits were depleted in Zr and Al and enriched in Cu and Cl.  From this data, it is 
assumed that the remaining steps in the mechanism were parallel to the corrosion 
mechanism described for Zr50Cu40Al10.  Preferential dissolution of Zr and Al due to their 
lower standard potentials (Table 6 [124]) resulted in pit formation.  Next, hydrolysis of 
Zr4+ (equation 5.4) lowered the pH within the pit and enabled the formation of CuCl by 
the following reaction  
Cu + Cl- =  CuCl + e                (5.7) 
These steps are bolstered by the SAM findings.  The pit in Figure 62 was enriched with 
Cu and Pd.  The Ecorr value and final potential were -334 and -274 mV, SCE, 
respectively, for the Zr50Cu33Al10Pd7 sample that was examined by SAM.  Within this 
potential range, the oxidation reactions of Zr and Al were favored resulting in preferential 
dissolution of Zr and Al.  In addition, within the pit, a compound with high amounts of Cl 
and Cu was discovered.   
6.4.3. Vitreloy 105 (cross-sectional samples) 
Based on the presented experimental findings, the following steps are proposed to 
explain the pitting corrosion in the cross-sectional samples of Vitreloy 105 in an aerated 
0.6 M NaCl electrolyte.  Examining the standard Gibbs free energies of formation it 
seems possible that the air-formed oxide film on Vitreloy 105 might contain a certain 
amount of TiO2 in addition to ZrO2 and Al2O3.  The shape of the polarization curves 
suggests that the intrinsic film forms into a reasonably protective passive film.   It is 
unclear what causes the breakdown of the passive film.  However, since the Epit was 
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affected by the chloride concentration, chloride ions probably had a role.  Nevertheless, 
areas where the film is no longer protective are fully exposed to the electrolyte.  Similar 
to the other proposed mechanisms, the dissolution of Al, Zr, Ti, and Ni is preferred over 
Cu due to their lower standard potentials.  The Cu-rich porous regions within the pits 
seem to be a direct result of this preferential dissolution of the other elements.  The 
porous structure, which was predominately Cu, suggests there was little Cu dissolution.  
The may explain the less prominent role of Cl in the pitting behavior of Vitreloy 105.      
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Chapter 7: Conclusions 
 In the current study, the corrosion properties of the Zr50Cu40Al10, Zr50Cu33Al10Pd7, 
and Zr52.5Cu17.9Al10Ni14.6Ti5.0 (Vitreloy 105) BMGs were investigated in NaCl solutions.  
The Zr50Cu40Al10 and Zr50Cu33Al10Pd7 BMGs both exhibited poor resistance to general 
and localized corrosion.  At open-circuit conditions, Zr50Cu40Al10 was susceptible to 
localized corrosion.  Zr50Cu33Al10Pd7 was vulnerable to localized corrosion at Ecorr or at 
potentials slightly higher than Ecorr.  The application of slightly anodic potentials yielded 
large increases in the current densities of both alloys.  In fact, overpotentials of less than 
50 mV resulted in such large current responses that the alloys experienced concentration 
polarization as evidenced by limiting diffusion current densities.   
SEM examination of the corroded surfaces of Zr50Cu40Al10 and Zr50Cu33Al10Pd7 
revealed that exposure to NaCl solutions causes the formation of a solid product on the 
surface.  The product seemed to have originated as particles on the surface, which 
eventually grew together to form a layer.  As the layer grew, the particles also continued 
to grow.  The continued growth of the particles caused stresses in the layer, which 
resulted in intense cracking.  EDS analysis of the layer illustrated that it was 
predominately oxygen.  However, the chemical makeup of the layer did vary at different 
depths.  The initial layer (made up of many particles) had approximately equal amounts 
Zr, Cu, and O.  The top surface of the layer was predominately O (70 at. %) and Zr (20 
at. %) with Cu and Al accounting for the balance.  The oxide layer grew in a peculiar 
pattern with uncovered areas having a dendritic appearance.  This observation suggested 
that dendrites played some role in the localized corrosion behavior.  The distinctive 
growth pattern was observed on both Zr50Cu40Al10 and Zr50Cu33Al10Pd7.  These exposed 
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areas were the areas where the localized attack first occurred.  SAM of intensely corroded 
surfaces of Zr50Cu40Al10 illustrated the enrichment of Cu, Cl, and O and a depletion of Zr.  
Corroded areas on the surface of Zr50Cu33Al10Pd7 were enriched with Cu, Cl, and Pd.   
Mechanisms were proposed for both BMGs based on the galvanic electrode 
effect.  The formation of a solid product over a large portion of the surface and the 
exposed regions of the as-polished alloy was the reason for the aggressive localized 
attack.  The corrosion product acted as the cathode and supported the cathodic reaction.  
In the case of the neutral NaCl solution, the main cathodic reaction was the reduction of 
dissolved oxygen. The cathode supported the dissolution of the uncovered as-polished 
surface, which explained why these regions were locally attacked.  The method of 
dissolution of the uncovered regions was the preferential dissolution of Zr and Al.  Cu 
enrichment of corroded areas of Zr50Cu40Al10 and Cu and Pd enrichment within corroded 
areas of Zr50Cu33Al10Pd7 was the result of the preferential dissolution.  The enriched Cu 
zones along with the chloride ions provided an environment where copper-chloride 
complexes and the insoluble CuCl salt were able to form.  High oxygen concentrations on 
the surface were probably the result of the formation of CO and/or Cu(OH)2*CuCl2 at 
higher potentials.   
Vitreloy 105 exhibited superior corrosion behavior when compared to 
Zr50Cu40Al10 and Zr50Cu33Al10Pd7.  The alloy was passivated at open-circuit conditions 
(Ecorr).  There was a difference in the localized corrosion behavior of Vitreloy 105 
depending on whether the sample was from the cross-section or along the long axis of the 
ingot.  Cross sectional samples were vulnerable to pitting corrosion as the potential was 
raised above the corrosion potential.  However, longitudinal samples were immune to 
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localized corrosion in some cases even after polarizing to 1600 mV.  This finding was 
surprising because the longitudinal samples had inhomogeneities on the surface that were 
visible to the eye.  These inhomogeneities were the “swirl” patterns that are commonly 
thought to be crystalline inclusions.   
The SEM examination of the pits on the cross-sectional samples revealed pits that 
were hemispherical in shape unlike the irregular pits that were common on Zr50Cu40Al10 
and Zr50Cu33Al10Pd7.  There also were no signs of the growth of corrosion product on the 
surface like what was observed in the other BMGs.  EDS analysis of pits did show that 
the porous regions had high concentrations of Cu.  However, significant Cl 
concentrations were not observed.  Pit initiation on Vitreloy 105 seemed to be much more 
of a stochastic event in which pit initiation may have been related to some flaw or defect 
in the passive film.  However, after initiation the exposed surface was attacked by the 
preferential dissolution of the less noble elements (Al, Ti, Zr, and Ni).  Again this 
explains the Cu enrichment within pits.  The porous Cu-enriched structure within the pits 
suggests that little Cu dissolution occurred, which may explain the less pronounced role 
of the chloride ions. 
It is unclear why the longitudinal samples were immune to localized corrosion.  
Certainly, the passive films that form on these samples were more protective than those 
formed on the cross-sectional samples.  It is possible that the inclusions played a role in 
the increased protectiveness of the film.  The in-situ AFM experiments on a longitudinal 
sample showed that line profiles tended to increase as a function of time.  This trend is 
thought to be related to the thickening of the passive film, which may explain the 
longitudinal samples resistance to pitting.   
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Chapter 8: Future Work 
 Possible future work for examining the corrosion behaviors of Zr50Cu40Al10 and 
Zr50Cu33Al10Pd7 should include continued efforts to construct experiments that can 
provide more details on the localized corrosion mechanisms of these alloys.  SAM did 
provide chemical information about the corroded surfaces; however, it was unable to 
provide detailed analysis of the chemical states that were present on the surface.  
Chemical state imaging is possible with x-ray photoelectron spectroscopy (XPS).  This 
technique would be able to clearly define the kind of bonding associated with Cu so that 
distinctions could be made between CuO2 and CO.  In addition, chloride compounds 
could be identified.   
Analyzing the electrolyte might also provide a means to obtain more information 
about the surface reactions that occur.  Since the corrosion process forces metal ions into 
the solution, the determination of the concentrations of ions in the electrolyte could 
provide insight into the reactions occurring at the surface of the sample.  Previous 
attempts were made to analyze electrolytes with atomic absorption spectroscopy (AAS).  
However, the NaCl of the electrolyte caused masking, and the concentrations of metal 
ions could not be determined.  Inductively coupled plasma mass spectrometry (ICP-MS) 
is a highly sensitive (~ part per billion) tool that is capable of analyzing ions in liquid 
samples.  However, the technique can be expensive. A relatively low-cost way to analyze 
the electrolytes would be chemical spot tests.  However, this technique will only provide 
qualitative information about the ions present in the electrolyte.     
 The unexpected high localized corrosion resistance of inhomogeneous samples of 
Vitreloy 105 provides an opportunity for interesting future work.  The “swirl” patterns 
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are easily visible to the eye even on rough (240 SiC grit) unetched surfaces.  It is clear 
that there is a significant difference in removal rates between the inclusions and the bulk 
matrix.  Probing the mechanical properties of these regions using nanoindentation could 
yield interesting information.  In addition, the inclusions must be identified.  Electron 
microprobe analysis (EPMA) may provide a way to determine if the composition of the 
inclusion is significantly different than the matrix.  When XRD experiments were done 
on samples that contained these inclusions, the diffraction pattern attained was the diffuse 
pattern typical of an amorphous material.    This observation could be a result of 
instrumental limitations.  It is possible that the inclusions are not crystalline.  The 
analysis of the samples using synchrotron radiation or election backscatter diffraction 
(EBSD) could determine if the inclusions are crystalline.  DSC experiments of samples 
taken from the cross-section and the longitudinal direction may also provide information 
on crystallinity if the enthalpy changes are compared.    
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Appendix of Tables 
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Table 1. Transition temperatures and GFA parameters. 
 
Trg = Tg / Tl 
∆Txg = Tx - Tg 
 γ = Tx / (Tg + Tl) 
 
 
 
  
 Tg (K) Tx (K) Tl (K) Trg ∆Txg (K) γ 
Zr50Cu40Al10 695 778 1154 0.60 83 0.42 
Zr50Cu40Al10Pd7 710 775 1164 0.61 65 0.41 
Vitreloy 105 672 727 1101 0.61 55 0.41 
 75 
 
 
Table 2. Mean polarization parameters for Zr50Cu40Al10 in NaCl electrolytes of 
varying chloride concentration.   
 [Cl-] 
(M) 
Ecorr  
(mV) 
m1 
(mV/half decade) 
m2 
(mV/half decade) 
icorr  
(107*Acm-2) 
CPR  
(µm/yr) 
0.1 -467 35 7 97 120 
0.6 -518 ± 4 
 
21 ± 6 
 
9 ± 3 128 ± 50 160 ± 60 
Potentials versus SCE 
95% student t confidence intervals 
Note: Two experiments were performed in 0.1 M NaCl; thus, confidence intervals were not calculated. 
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Table 3. Polarization parameters for Zr50Cu33Al10Pd7 in 0.6 M NaCl electrolytes of 
varying chloride concentration.   
Scan # Ecorr  
(mV) 
m1 
(mV/half decade) 
m2 
(mV/half decade) 
icorr  
(107*A cm-2) 
CPR  
(µm/yr) 
1 -322 46 2 130 161 
2 -321 15 11 635 786 
3 -338 9 7 201 250 
4 -315 11 6 129 157 
5 -334 10 2 129 160 
Potentials versus SCE 
 
 77 
 
Table 4 .  Atomic concentrations of positions given in Figure 61.   
Position  Zr Cu Al Pd O Na Cl C 
1 20.2 3.2 2.6 1.5 25.5 3.7 33.1 10.1 
2 19.6 5.0 3.4 1.6 28.2 0.0 30.2 12.0 
3 11.6 9.5 2.4 0.5 17.7 1.8 44.5 11.9 
4 31.8 4.2 5.5 0.0 40.0 0.0 0.0 18.6 
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Table 5.  Standard Gibbs free energies of formation of selected oxides. 
Molecular Formula Name 
∆Gfo 
(kJ/mol) 
Al2O3 (corundum) aluminum (III) oxide  -1582.3* 
Cu2O copper(I) oxide -146.0* 
CuO copper (II) oxide -129.7* 
Ni3O4 nickelo-nickelic oxide -711.9** 
PdO  hydrated palladium oxide -64.1** 
TiO2 (rutile)  titanium (IV) oxide -889.5* 
ZrO2 (monoclinic)  zirconium(IV) oxide -1042.8* 
*
 and ** denote values obtained from references 121 and 122  , respectively. 
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Table 6.  Selected Standard Electrode Potentials in Aqueous Solutions. 
 
 
Electrode reaction E, mV (SCE) 
Al = Al3+ + 3e -1917 
Ti = Ti2+ + 2e -1871 
Zr = Zr4+ +4e -1791 
Ni = Ni2+ + 2e -498 
Cu = Cu2+ + 2e 99 
Cu = Cu+ + e 279 
Pd = Pd2+ + 2e 674 
Values from references 109 and 121. 
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Figure 1. Temperature dependence of the specific volume of a molten metal that 
undergoes solidification by crystallization (gray curve) or by vitrification 
(black curve). 
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Figure 2. Critical cooling rate (Rc) versus maximum thickness (tmax) for various BMG 
systems.    Figure was generated from data published by Inoue [3]. 
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Figure 3. Temperatures that can be obtained from thermal analysis techniques.  Tg, Tx, 
Ts, and Tl represent the glass transition, crystallization, solidus, and liquidus 
temperatures, respectively.    
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Temperature 
Amorphous Alloy 
Ts 
Molten Alloy 
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Figure 4. (top) Tensile strength versus Young’s modulus and (bottom) Vickers 
hardness   versus Young’s modulus for various BMG systems and 
crystalline alloys [3].3  
  
                                                 
3
  The figure was Reprinted with permission from Acta Materialia, 48, Akihisa Inoue, Stabilization of  
metallic supercooled liquid and bulk amorphous alloys, 279-306, Copyright (2000), with permission 
from Elsevier. 
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Figure 5. S-N fatigue curves of conventional crystalline alloys and Zr-based BMGs [9].4   
  
 
  
                                                 
4
  Reprinted from Intermetallics, 12, G. Y. Wang, P. K. Liaw, W. H. Peter, B. Yang, Y.Yokoyama, M. L. 
Benson, B. A. Green, M. J. Kirkham, S. A. White, T. A. Saleh, R. L. McDaniels, R. V. Steward, R. A. 
Buchanan, C. T. Liu and C. R. Brooks, Fatigue behavior of bulk-metallic glasses, 885-892, Copyright 
(2004), with permission from Elsevier. 
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Figure 6.  Scanning electron microscopy (SEM) image [11] demonstrating local attack 
generated at a crystalline inclusion in a Zr55Cu30Al10Ni5 amorphous alloy.  
The experiment was performed in a 10-3 M NaCl electrolyte.5 
  
                                                 
5
  A. Gebert, K. Mummert, J. Eckert, L. Schultz, and A. Inoue: Electrochemical investigations on the bulk 
glass forming Zr55Cu30Al10Ni5 alloy. Materials and Corrosion-Werkstoffe und Korrosion. 1997. 48. 293-
297. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission 
Crystalline Inclusion 
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Figure 7 (a) Optical micrograph of a crystalline "swirl" region on the surface of 
Vitreloy 105   [106]. (b) SEM image of microstarlets on Vitreloy 105 [126].  
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Figure 8.   Polarization curves of selected Zr-based BMGs generated in 0.5 and 0.6 M 
NaCl electrolytes from various literature reports [15, 27, 97, 99, 103].6 
 
 
 
 
 
 
  
                                                 
6
  The figure was obtained from Bulk Metallic Glasses, 2007, M.K. Miller and P.K. Liaw (Eds), p 220, 
Chapter 8: Corrosion Behavior, B.A. Green, P.K. Liaw, and R.A. Buchanan, Figure 8-6, © 2008 Springer 
Science+Business Media, LLC With kind permission of Springer + Business Media. 
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Figure 9. Corrosion pit on the surface of a Zr59Ti3Cu20Al10Ni8 BMG illustrating 
cracked and honeycomb (porous) morphologies of pits [104].7   
 
                                                 
7
  The figure was Reprinted from Journal of Alloys and Compounds, 377, U. Kamachi Mudali, S. Baunack, 
J. Eckert, L. Schultz, and A. Gebert, Pitting corrosion of bulk glass-forming zirconium-based alloys, 290-
297, Copyright (2004), with permission from Elsevier. 
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Figure 10. SEM images of Vitreloy 105 (a) before an anodic-polarization experiment 
and (b) after the anodic-polarization experiment [106]. 
 
 
 
 
 
  
(a) 
(b) 
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Figure 11. A schematic illustrating the components of an atomic force microscope 
(AFM).  The x-, y-, and z piezoelectric devices are represented as X-P, Y-P, 
and Z-P, respectively.  FS is the force sensor, and FCU is the feedback 
control unit.  The frame of the AFM unit is denoted by F.8 
  
  
                                                 
8
  Image obtained from http://www.pacificnanotech.com/afm-tutorial_afm-instrumentation.html with  
permission granted by Pacific Nanotechnology, Inc. 
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Figure 12. Components of the electrochemical cell.   
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Figure 13. Polarization curve of a passivating alloy with important corrosion 
parameters denoted. 
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Figure 14. Polarization curve of a material that exhibits Tafel behavior with an anodic 
diffusion limiting current density. 
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Figure 15. Relaxation process of a surface bombarded with an electron beam by the 
ejection of an Auger electron [50].9 
 
 
  
                                                 
9
  The figure was obtained from,  An Introduction to Surface Analysis by XPS and AES, J. F. Watts and J. 
Wolstenholme, 2003, Copyright John Wiley & Sons Limited, Reproduced with permission. 
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Figure 16.  Experimental setup of the in-situ OM technique.  The electrochemical cell is 
placed on the microscope stage.  Electrodes from the electrochemical cell 
are connected to a potentiostat that is interfaced to a computer with 
corrosion software.  The optical microscope is attached to a CCD camera 
that is interfaced to a computer containing a frame grabber.     
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Figure 17. (a) View of the AFM in-situ corrosion set-up.  (b)  Close up of the AFM 
stage showing the AFM probe holder and the electrochemical cell within the 
sample holder.  The holder houses the sample and the electrolyte.  
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Figure 18. (a) Front view of the sample holder for the AFM in-situ corrosion 
experiments.  (b)  Back view of the sample holder. 
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Figure 19. Representative XRD patterns for the Zr50Cu40Al10, Zr50Cu33Al10Pd7, and 
Vitreloy 105 BMGs.   
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Figure 20. Representative DSC thermograms of Zr50Cu40Al10, Zr50Cu33Al10Pd7, and 
Vitreloy 105 indicating Tg and Tx. 
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Figure 21. Thermograms of fusion of Zr50Cu40Al10, Zr50Cu33Al10Pd7, and Vitreloy 105 
generated with DTA.  Black and pink arrows denote the solidus temperature 
(Ts) and liquidus temperature (Tl), respectively, for each alloy.    
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Figure 22. Auger sputter depth profiles of the as-received Zr50Cu40Al10 BMG.  Sputter 
rate = 0.025 nm/s. 
 
  
 
0
10
20
30
40
50
60
0 2 4 6 8 10 12
A
to
m
ic
 
pe
rc
e
n
t
Depth (nm)
O
C
Cu
Zr-ox
Zr-m
Al-ox
Al-m
 103 
 
 
 
Figure 23. Auger sputter depth profiles of the as-received Zr50Cu33Al10Pd7 BMG.  
Sputter rate = 0.025 nm/s. 
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Figure 24. (top left) SEM image of the as-polished surface of Zr50Cu40Al10 after sputter 
etching.  Zr, Cu, Al, C Auger elemental maps of the surface are presented.  
A combined Auger map of Zr, Cu, and Al is also shown (lower right). 
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Figure 25. SEM image of the as-polished surface of Vitreloy 105 after sputter etching.  
Auger combined maps of the area are displayed. 
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Figure 26. Polarization curves of Zr50Cu40Al10 generated in naturally aerated 0.6 M 
NaCl electrolytes.  The initial and final slopes (m1 and m2, respectively) are 
indicated on scan 2.   
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Figure 27. Polarization curves of Zr50Cu40Al10 generated in naturally aerated 0.1 M 
NaCl electrolytes. 
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Figure 28.  Representative polarization curves of Zr50Cu40Al10 obtained from an in-situ 
experiment in 0.6 M NaCl (black curve) and from a bulk experiment in 0.6 
M NaCl.  Both experiments were performed open to air.    
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Figure 29.   OM dark-field images (a) – (d) corresponding to the four conditions denoted 
on the polarization curve in Figure 28.     
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Figure 30.  Magnification of Figure 28 indicating the onset of diffusion (concentration)  
polarization for Zr50Cu40Al10 polarization curves generated in the in situ 
setup and in a bulk volume of solution.       
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Figure 31.  Polarization curves of Zr50Cu33Al10Pd7 generated in naturally aerated 0.6 M 
NaCl electrolytes. 
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Figure 32.  Open-circuit potential versus time potential illustrating the variation of the 
Ecorr of Zr50Cu33Al10Pd7 in a naturally aerated 0.6 M NaCl electrolyte. 
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Figure 33.   Polarization curves of Vitreloy 105 generated in naturally aerated 0.6 M 
NaCl electrolytes. 
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Figure 34.   Polarization curves of Vitreloy 105 generated in naturally aerated 0.3 M 
NaCl electrolytes. 
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Figure 35.   Polarization curves of Vitreloy 105 generated in naturally aerated 0.3 M 
NaCl electrolytes excluding the outlier (scan 4). 
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Figure 36.  Polarization curves of Vitreloy 105 generated in naturally aerated 0.1 M 
NaCl. 
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Figure 37. Corrosion potentials (Ecorr) of Vitreloy 105 as a function of chloride 
concentration.  Circles and error bars represent mean values and 95% 
confidence intervals, respectively.   
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Figure 38. The pitting resistance parameters (Epit –Ecorr) of Vitreloy 105 as a function 
of chloride concentration.  Circles and error bars represent mean values and 
95% confidence intervals, respectively.  Mean values are noted on the chart. 
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Figure 39. The passive current densities (ip) of Vitreloy 105 as a function of chloride 
concentration.  Circles and upper error bars represent mean values and upper 
95% confidence intervals, respectively.  Lower confidence intervals were 
omitted if they resulted in negative ip values.   Mean values are noted on the 
chart. 
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Figure 40.  The corrosion current densities (icorr) of  Vitreloy 105 as a function of 
chloride concentration.  Circles and upper error bars represent mean values 
and upper 95% confidence intervals, respectively.  Lower confidence 
intervals were omitted if they resulted in negative icorr values.   Mean values 
are noted on the chart. 
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Figure 41. The corrosion penetration rates (CPR) of Vitreloy 105 as a function of 
chloride concentration.  Circles and upper error bars represent mean values 
and upper 95% confidence intervals, respectively.  Lower confidence 
intervals were omitted if they resulted in negative CPRs.   Mean values are 
noted on the chart. 
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Figure 42. (top) Optical micrographs of “swirl” regions on the Vitreloy 105 BMG.  
(bottom) magnified image of the region.  
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Figure 43. Polarization curves of Vitreloy 105 longitudinal samples.  The sample 
polarized in scan 1 was laser treated.     
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Figure 44. In-situ AFM topographic images of Vitreloy 105.  Experiments were 
performed in a 0.6 M NaCl, and a potential of -190 mV, SCE was applied to 
the sample.  Images (a), (b), (c), and (d) correspond to frames 1, 3, 5, and 7, 
respectively.  The acquisition per frame was 10.7 minutes.   Profiles of the 
four images were obtained at the position denoted by the dashed line in 
image (a).  
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Figure 45. AFM topographic profiles along the dashed line shown in Figure 44 at 
various times during the potentiostatic experiment.  The subscripts 
correspond to the frame number.  The time that had elapsed between the 
profiles was approximately 21 minutes.  
  
0
50
100
150
200
250
300
0 10 20 30 40 50
Z 
(nm
)
X (nm)
t1
t3
t5
t7
 126 
 
 
Figure 46. Representative polarization curves of crystalline Zr, Cu, Al, and Ni 
generated in 0.6 M NaCl electrolytes. 
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Figure 47. Representative polarization curves of Zr, Cu, Ni, and Ti from experiments 
performed in 0.6 M NaCl.   
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Figure 48. SEM micrograph of a corroded region at the insulating enamel/sample 
interface Zr50Cu40Al10 sample formed at Ecorr (i.e., not anodically polarized) 
in a 0.6 M NaCl electrolyte.   
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Figure 49. SEM photomicrograph of the surface Zr50Cu40Al10 illustrating the corrosion 
that occurs at Ecorr (i.e., not anodically polarized) in a 0.6 M NaCl 
electrolyte.  The area is   of an area of the corroded region shown in Figure 
48.  The red circles highlight dendrites.    
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Figure 50. (a) SEM micrograph of Zr50Cu40Al10 after a polarization experiment in a 0.1 
M NaCl electrolyte illustrating the irregular shape of pits on the surface.  (b)  
Magnified corrosion pit. 
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Figure 51. SEM micrograph of Zr50Cu40Al10 after a polarization experiment in a 0.1 M 
NaCl electrolyte illustrating the cracks due to exfoliation corrosion.   
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Figure 52. (a) SEM micrograph of Zr50Cu40Al10 after a polarization experiment in a 0.1 
M NaCl electrolyte showing an area of the surface covered with corrosion 
products.  (b) EDS analysis of the regions of the surface denoted in (a). 
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Figure 53. (top left) SEM micrograph image of pits on the surface of a Zr50Cu40Al10 
sample after polarization in a 0.6 M NaCl electrolyte to 300 mV, SCE. (top 
right) Color-combined Auger map of Cu (red), Cl (blue), and O (green) 
corresponding to the area shown in the micrograph.  (bottom) Gray-scale 
Auger map of Zr (white) present in the aforementioned area.   
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Figure 54. (row 1) Scanning electron image of a heavily corroded portion of the 
polarized Zr50Cu40Al10 sample.  (row 2, left to right)  Auger maps of C; O; 
Cu; (row 3, left to right) Zr; and Cl after sputter etching. 
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Figure 55. XRD patterns of Zr50Cu40Al10 after two different polarization treatments.  
One sample was anodically polarized to -337 mV, SCE in a 0.1 M NaCl 
electrolyte.  The other sample was polarized to 300 mV, SCE in a 0.6 M 
NaCl electrolyte. 
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Figure 56. SEM photomicrograph of the corrosion experienced by Zr50Cu33Al10Pd7 
while at open-circuit conditions in a 0.3 M NaCl electrolyte.    
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Figure 57. (a) SEM photomicrograph of the area enclosed in the rectangle shown in 
Figure 56. (b) Magnified; image of area shown in blue rectangle in (a). 
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Figure 58. (a)  Heavily corroded area on the surface of Zr50Cu33Al10Pd7.  (b) Magnified 
image of the area enclosed by the purple rectangle. 
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Figure 59. EDS analyses of the surface of Zr50Cu33Al10Pd7 corresponding to the areas 
shown in Figure 58b. 
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Figure 60. Optical micrograph of the region shown in the top image of Figure 45 
illustrating the characteristic channels associated with chloride induced 
corrosion. 
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Figure 61. SEM micrograph of a pit on the surface of Zr50Cu33Al10Pd7 after aborting a 
polarization experiment in 0.6 M NaCl.  Numbered positions correspond to 
points where survey spectra were attained (see Table 4). 
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Figure 62. Auger maps obtained prior to sputtering of (top, left to right) Zr, Cl, Cu, 
(bottom, left to right) Pd, O, and C.  Each of the maps is superimposed on 
the image shown in Figure 61. 
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Figure 63. (a) SEM photomicrograph of a pit on Vitreloy 105 after polarization to Epit 
(mV, SCE).  (b) EDS was performed on areas outlined by the blue and 
yellow rectangles marked on image (a).    
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Figure 64. SEM micrograph of a cluster of pits on the surface of Vitreloy 105 after 
being polarized to Epit.  The bottom portion of the pit shown in Figure 63a is 
denoted.  EDS analyses were performed on the areas within the red and 
white rectangles.       
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Figure 65. EDS analyses of the area within the yellow rectangle on Figure 63a and the 
area within the red rectangle in Figure 64. 
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Figure 66. EDS results of the area within the yellow rectangle on Figure 63a and the 
area within the white rectangle shown in Figure 64. 
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Figure 67. (a) An anodic site between two cathodic sites on a metal surface. (b) A 
schematic illustrating the current path from the anode to the cathode and the 
potential gradient within the electrolyte.  Adapted from Stansbury and 
Buchanan [108]   
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Figure 68. Potential-pH equilibrium diagram for Cu
concentration of 35,500 ppm
hydrogen reference electrode; the standard calomel electrode (SCE) is +241 
relative to the hydrogen reference electrode.
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 The figure was obtained from 
Applications of Electrochemistry to Corrosion Studies, by Marcel Pourbaix, figure 111d, © 1973 Plenum 
Press, New York, with kind permission of Springer Science and Business Media. 
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-Cl-H2O at 25
 [127].10  The potential is relative to the 
 
 
 
 
Lectures on Electrochemical Corrosion, 1973, p. 301
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, Chapter 7: Further   
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